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Telomeres are non-coding nucleoprotein structures that make up the very end of each 
linear chromosome. They stabilize chromosome structure and thus prevent the ends from 
being recognized by DNA damage response machinery. Telomere shortening in 
the synthesis phase of the cell cycle is related to the loss of protective ability and the finite 
replicative potential of the cell. The environmental factors, impaired DNA repair pathways, 
and loss of telomeric DNA-binding proteins exert negative effects on telomere function. 
Telomere dysfunction instigates chromosomal rearrangements and together with telomere 
erosion precedes tumorigenesis. Extension of telomeric DNA is catalyzed by the enzyme 
telomerase, whose activity is repressed in most adult somatic cells, except for stem cells, 
lymphocytes, and some cancer cell types. 
 Colorectal cancer comprises malignant tumors of the colon and rectum. 
It is the second most common cancer in both sexes in the Czech Republic, with over 
81,000 cases diagnosed in 2013 and 55.2% overall survival at 5 years. This study focuses 
on the association of telomere length to clinico-pathological features of the colorectal 
cancer patients and investigates also the effect of cancer treatment on telomere length. 
Further, it compares two methods of telomere length measurement; the quantitative 
polymerase chain reaction and the multiplex quantitative polymerase chain reaction. 
Relative telomere length was evaluated in peripheral blood lymphocytes in repeated 
samples from 193 patients. We have observed significant telomere shortening in time 
period 0 - 1 year after diagnosis (χ2(2) = 17.59, P = 0.0002, N = 74, the 1st - 3rd sampling). 
Regarding telomere length and clinico-pathological and molecular traits of colorectal 
cancer, the shortest telomere length was observed in patients with proximal colon cancer 
(mean relative telomere length ± standard deviation in the 1st sampling: 0.77 ± 0.31), 
followed by rectal (0.92 ± 0.32) and distal colon (1.00 ± 0.40) cancer patients. 
In all the patients we found a consistent decreasing trend in telomere length over time 
irrespectively of tumor stage and location. Moderately shorter telomere length was 
recorded in patients with high microsatellite instability. Regarding the treatment response, 
poor responders had on average longer telomeres in the 1st (1.15 ± 0.29) and 
the 2nd sampling (1.01 ± 0.25) compared to good responders (1.00 ± 0.33 in 
the 1st sampling and 0.82 ± 0.30 in the 2nd sampling).  
Key Words: colorectal cancer, telomeres, telomerase, peripheral blood lymphocytes 
Abstrakt 
Telomery jsou nekódující nukleoproteinové struktury tvořící konce všech lineárních 
chromozomů. Jsou nezbytné pro zachování chromozomové stability a zabránění 
rozpoznání jejich konců dráhami na poškození DNA. Zkracování telomer v syntetické fázi 
buněčného cyklu souvisí se ztrátou jejich ochranné funkce a omezenou replikační 
schopností buňky. Negativní vliv na funkci telomer mohou mít také faktory životního 
prostředí, porucha opravných drah DNA a chybějící DNA-vazebné proteiny v oblasti 
telomer. Poškození telomer vyvolává chromozomové přestavby a narušení fyziologické 
délky telomer stojí na počátku vzniku nádorových onemocnění. Syntéza telomer je 
katalyzována enzymem telomerázou, jejíž aktivita je u většiny somatických buněk, 
s výjimkou buněk kmenových, lymfocytů a některých typů rakovinných buněk, umlčena. 
 Kolorektální karcinom, maligní nádorové onemocnění tlustého střeva a konečníku, je 
druhým nejčastějším nádorovým onemocněním mužů i žen v ČR. K roku 2013 bylo v ČR 
diagnostikováno více než 81 000 nových případů, celkové pětileté přežívání pro obě 
pohlaví činilo 55,2 %. Tato práce se zaměřuje na telomerovou délku v souvislosti 
s klinicko-patologickými daty pacientů s kolorektálním karcinomem a zkoumá také vliv 
léčby na telomerovou délku. Dále porovnává měření telomerové délky metodou 
kvantitativní polymerázové řetězové reakce a metodou multiplexové kvantitativní 
polymerázové řetězové reakce. Relativní telomerová délka byla měřena v periferních 
lymfocytech pocházejících z opakovaných krevních odběrů 193 pacientů. 
Statisticky významné zkracování telomer bylo pozorováno v intervalu 0 - 1 rok od 
diagnózy (χ2(2) = 17.59, P = 0.0002, N = 74, 1. - 3. odběr). S přihlédnutím ke 
klinicko-patologickým datům a molekulárním aspektům kolorektálního karcinomu byla 
nejkratší telomerová délka pozorována u pacientů s nádory v proximální části střeva 
(průměrná relativní telomerová délka ± směrodatná odchylka u 1. odběrů: 0.77 ± 0.31), 
a poté u nádorů rekta (0.92 ± 0.32) a distální části střeva (1.00 ± 0.40). U všech pacientů 
byla v průběhu času pozorována klesající telomerová délka nezávisle na stádiu 
a umístění nádoru. Kratší telomerová délka byla zjištěna v případě pacientů s vysokou 
mírou mikrosatelitové nestability. Pacienti špatně reagující na léčbu měli průměrně delší 
telomery (1.15 ± 0.29, 1. odběr, a 1.01 ± 0.25, 2. odběr) než pacienti na léčbu reagující 
(1.00 ± 0.33, 1. odběr, a 0.82 ± 0.30, 2. odběr).  
Klíčová slova: kolorektální karcinom, telomery, telomeráza, lymfocyty periferní krve 
Content 
1 Introduction .......................................................................................................................... 11 
1.1 Colorectal Cancer ....................................................................................................... 11 
1.1.1 Colorectal Cancer Screening and Treatment ....................................................... 12 
1.2 Telomeres ................................................................................................................... 13 
1.2.1 Shelterin Protein Complex .................................................................................. 13 
1.2.2 Telomere Shortening ........................................................................................... 15 
1.3 Activation of the DNA Damage Response at Telomeres ........................................... 17 
1.3.1 Non-Homologous End Joining ............................................................................ 18 
1.3.2 Homologous Recombination ............................................................................... 19 
1.3.3 Base Excision Repair ........................................................................................... 20 
1.3.4 Nucleotide Excision Repair ................................................................................. 21 
1.3.5 Mismatch Repair ................................................................................................. 22 
1.4 Telomere Biology and Novel Approaches to Cancer Screening ............................... 23 
1.5 Telomerase ................................................................................................................. 24 
1.6 Lymphocyte Telomere Length ................................................................................... 26 
1.6.1 Leukocyte Telomere Length Association to Colorectal Cancer Risk ................. 27 
2 Aims and Objectives of the Thesis ...................................................................................... 29 
3 Materials and Methods ........................................................................................................ 30 
3.1 Study Population ........................................................................................................ 30 
3.1.1 Patient's Stratification for Telomere Length Data Analysis ................................ 30 
3.2 Blood Collection, Processing, and Storage ................................................................ 33 
3.3 Peripheral Blood Lymphocytes Isolation ................................................................... 34 
3.4 DNA Extraction from Blood and Concentration Measurement ................................. 35 
3.5 RNA Extraction from Lymphocytes and Concentration Measurement ..................... 37 
3.6 Measurement of Relative Telomere Length ............................................................... 39 
3.6.1 Quantitative Polymerase Chain Reaction ............................................................ 40 
3.6.2 Monochrome Multiplex Quantitative Polymerase Chain Reaction ..................... 47 
3.7 Relative Telomere Length Calculation ...................................................................... 51 
3.8 Measurement of hTERT mRNA Expression .............................................................. 53 
3.8.1 Reverse Transcription Polymerase Chain Reaction ............................................ 53 
3.9 Relative hTERT mRNA Expression Calculation ....................................................... 56 
3.10 Statistical Methods ................................................................................................... 56 
4 Results ................................................................................................................................... 58 
4.1 Comparison of qPCR and MMqPCR Methods for Telomere Length Measurement in 
Patients Suffering from Colorectal Cancer ...................................................................... 58 
4.2 Associations between Telomere Length and Age of Colorectal Cancer Patients ...... 59 
4.3 Sex-Specific Associations with Telomere Length in Colorectal Cancer Patients ..... 60 
4.4 The Effect of Smoking on Telomere Length in Colorectal Cancer Patients .............. 61 
4.5 Telomere Length and Its Association to Tumor Location in Colorectal Cancer 
Patients ............................................................................................................................. 61 
4.6 Association of Telomere Length with Type 2 Diabetes Mellitus in Colorectal Cancer 
Patients ............................................................................................................................. 62 
4.7 Telomere Length at Different TNM Stages of Colorectal Cancer ............................. 62 
4.8 Telomere Length and Microsatellite Stability Status in Colorectal Cancer Patients . 63 
4.9 Role of Telomere Length in Predicting the Response to Therapy Among Patients 
with Colorectal Cancer ..................................................................................................... 64 
4.10 Effect of Neoadjuvant Therapy on Telomere Length in Rectal Cancer Patients ..... 65 
4.11 Longitudinal Changes in Telomere Length in Colorectal Cancer Patients .............. 65 
4.12 The Overall Survival Rate of Colorectal Cancer Patients ........................................ 66 
4.13 Expression of hTERT mRNA in Colorectal Cancer Patients ................................... 67 
5 Discussion ............................................................................................................................. 69 
6 Conclusions ........................................................................................................................... 74 
7 Funding ................................................................................................................................. 75 
References ................................................................................................................................ 76 
 
 
List of Tables 
Table 1. Patients' clinical and demographic characteristics ................................................. 31 
Table 2. TNM Staging Classification of Colon and Rectal Cancer ..................................... 32 
Table 3. Correlation of qPCR and MMqPCR methods between the samplings .................. 58 
Table 4. Overall 5-year survival of patients according to quartiles of RTL ........................ 66 
 
List of Figures 
Figure 1. Telomere Structure. .............................................................................................. 13 
Figure 2. Shelterin subunits and their composition on telomere ......................................... 14 
Figure 3. Shelterin subunits and their potential arrangement within the T-loop ................. 15 
Figure 4. Telomere shortening mechanism .......................................................................... 16 
Figure 5. DSB response at telomeres ................................................................................... 17 
Figure 6. Telomerase mechanism of telomere synthesis ..................................................... 25 
Figure 7. Representative standard curves of telomeres and 36B4 gene ............................... 45 
Figure 8. Melting curve analysis of qPCR amplicons ......................................................... 46 
Figure 9. Amplification plots in triplicate of telomeres and 36B4 by qPCR ....................... 52 
Figure 10. Correlation between qPCR and MMqPCR assays in the 1st sampling by linear 
regression analysis ............................................................................................................... 59 
Figure 11. Correlation between RTL and age in the 1st sampling by linear regression. ...... 60 
Figure 12. Changes in RTL between the samplings according to the site of 
the primary tumor origin ...................................................................................................... 62 
Figure 13. RTL changes of patients with early and advanced TNM stages over time. ....... 63 
Figure 14. RTL changes in samples from good a poor therapy responders over time ........ 64 
Figure 15. The effect of time on telomere shortening ......................................................... 65 
Figure 16. The 5-year survival curves by RTL quartiles of RTL measured in 
the 1st sampling .................................................................................................................... 67 
Figure 17. Expression of hTERT mRNA gene in patients from the 1st sampling ................ 68 
 
Abbreviations 
36B4   reference gene encoding acidic ribosomal phosphoprotein P0  
ρ    Spearman's rank correlation coefficient  
χ2    variance over the mean ranks 
A   adenine 
ANOVA  repeated-measures analysis of variance 
ALB   gene encoding human serum albumin 
ALT   alternative lengthening of telomeres 
alt-NHEJ  alternative non-homologous end joining 
ATM    ataxia-telangiectasia mutated kinase 
ATR   Rad3-related kinase 
BER   base excision repair 
C   cytosine 
c-NHEJ  canonical non-homologous end joining 
CD   clusters of differentiation 
cDNA   complementary deoxyribonucleic acid 
CRC   colorectal cancer 
Ct   cycle threshold 
CV   coefficient of variation 
D-loop   displacement loop 
DDR   DNA damage response 
DNA   deoxyribonucleic acid 
DNA-PK  DNA-dependent protein kinase 
dNTP   deoxyribonucleoside triphosphate 
DSB   double-strand break 
dsDNA  double-stranded DNA 
E   amplification efficiency 
F   value of variation between sample means 
flow FISH  flow cytometry and fluorescent in-situ hybridization 
G   guanine 
HR   homologous recombination  
hTERT  human telomerase reverse transcriptase 
KRAS   gene encoding Kirsten rat sarcoma viral oncogene homolog 
MLH1   gene encoding mutL homolog 1  
MMqPCR  multiplex quantitative polymerase chain reaction 
MMR   mismatch repair 
MRN  complex consisting of meiotic recombination 11 protein, RAD50 
double-strand break repair protein and Nijmegen breakage 
syndrome 1 protein 
mRNA   messenger ribonucleic acid 
MSH2   mutS homolog 2  
MSH6   mutS homolog 6 
MSI   microsatellite instability 
MSS   microsatellite stable 
N   sample size 
NER   nucleotide excision repair 
NHEJ   non-homologous end joining 
NK cell  natural killer cell 
OD   optical density 
P   probability value 
PBL   peripheral blood lymphocytes 
PBS   phosphate-buffered saline 
PCR   polymerase chain reaction 
POT1   protection of telomere 1 
qPCR   quantitative polymerase chain reaction 
R2   correlation coefficient 
RAP1   repressor-activator protein 1 
Rn   normalized reporter 
RNA   ribonucleic acid 
RNase   ribonuclease enzyme 
ROX   6-carboxy-X-rhodamine 
RT   reverse transcription 
RT-qPCR  quantitative reverse-transcription polymerase chain reaction 
RTL   relative telomere length 
SD   standard deviation 
ssDNA  single-stranded DNA 
T   thymine 
T-loop   telomere loop 
TIN2   TRF1-interacting protein 2 
TL   telomere length 
TNM tumor-node-metastasis, characteristics used in the tumor 
staging system 
TPP1   telomere protection protein 1 
TRF1   telomere repeat binding factor 1 
TRF2   telomere repeat binding factor 2 
Z   standard normal distribution value 
11 
 
1 Introduction  
1.1 Colorectal Cancer 
Colorectal cancer (CRC) is a disease that originates in epithelial cells of the large 
intestine (colon) or the rectum. In both sexes combined, CRC is the fourth most commonly 
diagnosed cancer (19.7% age-standardized incidence rate per 100,000) worldwide [1]. 
Of all new cancer cases in the Czech Republic, CRC is the second most common among 
both men and women (90 cases per 100 000 population in men, and 59 cases per 
100,000 population in women). Approximately 90 % of all CRC cases occur in people 
older than 50 years of age [2]. 
Most often, CRC develops sporadically, and in less than 10 % of cases is caused by 
an inherited high-risk mutation. Genetic syndromes, which may predispose individuals to 
develop CRC, can be divided into those associated with colonic polyposis, 
e.g. familiar adenomatous polyposis and polyposis associated with mutations in 
MutY deoxyribonucleic acid (DNA) glycosylase, and those not associated with 
colonic polyposis, e.g. Lynch syndrome, also called hereditary nonpolyposis 
colorectal cancer [3,4]. 
Most sporadic CRCs start from an adenomatous polyp (adenoma), usually benign 
growth which arises from a mucosal layer of the colon or the rectum. There is about 
a 20% chance that these polyps will turn to adenocarcinoma. However, in unlimited time 
all adenomas would ultimately transform to malignancy [5]. Transformation of colorectal 
epithelium to polyp and then to tumor can be driven by microsatellite instability (MSI) [6], 
which results from defects in mismatch repair (MMR) genes. Further, it can be caused by 
chromosomal instability [7], aberrant methylation [8], or by defects in DNA damage 
response (DDR), particularly in the MMR pathway [9,10].  
The genomic instability, one of the main characteristic of human cancers, can result 
from telomere attrition, because critically short, uncapped or in another way dysfunctional 
telomeres are more prone to chromosome fusion. Thus, telomere attrition is suggested as 




1.1.1 Colorectal Cancer Screening and Treatment  
The success rate of recovery from CRC strongly depends on the stage of the cancer 
at diagnosis. An early-stage CRC does have no or non-specific symptoms like problems 
with bowel movements or vague abdominal pain, which can be mistaken for benign 
conditions and contribute to delayed diagnosis. Hence, CRC is often diagnosed at stage II 
or higher, when the chances for successful treatment and good quality of life decrease. 
The development and implementation of more specific screening methods to predict CRC 
before symptoms appear is the aim of the research. 
In the Czech Republic, CRC screening is offered regularly as part of an organized 
program. All people age 50 to 54 undergo fecal occult blood test (gastrointestinal tumors 
are soft and tend to bleed easily). In the event of a positive test, the source of the blood is 
further specified by colonoscopy. People aged 55 and older can choose from two 
screening tools. They can receive a fecal occult blood test every two years or colonoscopy 
every ten years. People with a family history of CRC should begin screening for 
CRC earlier [12–14].  
Patients treated for colon cancer usually undergo surgical removal of the tumor, 
which can be followed by adjuvant chemotherapy (therapy given in addition to the primary 
treatment). For rectal cancer, there is also commonly used radiation therapy, which is given 
before (preoperative, neoadjuvant radiotherapy) and/or after the surgery alone, or in 
conjunction with chemotherapy (chemoradiation). Therapy before the main therapy (which 
means surgery, in case of CRC) is called neoadjuvant and it is often used in locally 
advanced rectal cancer to decrease the size of the tumor before surgery and reduce 
local recurrence [15,16]. A commonly used chemotherapy for CRC is based on 
5-fluorouracil and oxaliplatin or their combinations; folinic acid/5-fluorouracil/irinotecan 
(called FOLFIRI) and folinic acid/5-fluorouracil/oxaliplatin (called FOLFOX), which can 
be further combined with e.g. bevacizumab, cetuximab, panitumubab and others [17,18]. 
Not surprisingly, anticancer therapies are supposed to have an impact on the telomere 
length (TL) [19]. Thus, in the future, the TL could be an additional tool to monitor patients' 







Telomeres are repetitive DNA regions located at the very ends of 
eukaryotic chromosomes. In vertebrates, telomeres consist of the short repeats with 
the consensus sequence 5'-TTAGGG-3' and telomeres-associated proteins [A, T, G, and C 
are IUPAC nucleotide codes; A stands for adenine, T for thymine, G for guanine and 
C (does not occur in sequence) for cytosine]. The major part of telomeres comprises about 
3 to 14 kilobases of double-stranded DNA (dsDNA) [20], ending in a 3' single-stranded 
guanine-rich overhang which is on average 130-210 bases long [21]. Telomeric terminus is 
arranged into a lariat like structure termed a telomere loop (T-loop), stabilized by a smaller 
displacement loop (D-loop) (figure 1). Although T-loop configuration is proposed to 
protect the telomere 3' end from DNA repair signaling [22], it potentially interferes with 
replication fork progression during the synthesis phase [23]. Therefore, the resolution and 
re-establishment of the T-loop after the replication must be tightly controlled. 
 
Figure 1. Telomere Structure. Guanine-rich 3' overhang loops back and invades to 
the dsDNA forming a T-loop, thereby simultaneously generates a triple-stranded D-loop. The loops 
formation is mediated by the shelterin complex (discussed below). The guanine-rich overhang can 
also fold into another secondary structures known as guanine quadruplexes, together with 
the T-loop involved in telomere end protection [24]. Figure adapted from Nanić and Rubelj [25]. 
 
1.2.1 Shelterin Protein Complex 
The T-loop formation is coordinated and stabilized by a six-protein complex called 
shelterin or telosome. In humans, shelterin is composed of the telomere repeat binding 
factors 1 and 2 (TRF1 and TRF2), protection of telomere 1 (POT1), the telomere 
protection protein 1 (TPP1), repressor-activator protein 1 (RAP1) and the TRF1-interacting 
protein 2 (TIN2) (figure 2). Shelterin subunits TRF1 and TRF2 are preformed homodimers 
which bind directly to the telomeric dsDNA, while POT1 binds to the telomeric 
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3' single-stranded DNA (ssDNA). These DNA binding proteins are interconnected by 
the rest two; TPP1 and TIN2. TRF2 selectivity to dsDNA is induced by RAP1, which 
binds exclusively to TRF2 [26]. In general, shelterin complex is involved in maintaining 
the integrity of chromosomal ends, being responsible for telomerase recruitment to 
telomeres and inhibiting the undesired DDR, see chapter 2.3 below. 
 
 
Figure 2. Shelterin subunits and their composition on telomere. TRF1 and TRF2 
anchor shelterin complex to telomere and bind telomeric duplex DNA, POT1 binds to 
telomeric ssDNA. TIN2 and TPP1 bridge TRF1 and TRF2 to POT1 and mediate the protein 
complex assembly. RAP1 binds only to TRF2. Figure adapted from Ilicheva et al. [27]. 
 
TIN2 is a shelterin core hub that acts as a protein-protein interaction domain [28]. 
Via TPP1, TIN2 links TPP1/POT1 heterodimer to TRF1 and TRF2, complexing with 
RAP1 [29]. POT1/TPP1 is a processivity factor for telomerase, whose loading to ssDNA is 
dependent on TPP1 [30]. During the synthesis phase, TIN2-anchored POT1/TPP1 recruits 
telomerase to telomere through the TPP1-TERT telomerase subunit interaction [31].  
Additionally, TPP1/POT1 loading on ssDNA is negatively regulated by TRF1 [32]. 
This suggests TRF1 involvement in telomerase-mediated telomere elongation and 
the information transmission between the double-stranded and single-stranded 
telomeric regions. Remodeling telomere into T-loop, as depicted in figure 3, is controlled 
mostly by TRF2, which facilitates guanine-rich strand tail invasion and hybridization to 
the telomeric dsDNA [33]. As a result of this process, dsDNA twists around and creates 
a larger T-loop and D-loop, which arise at its base in a region where the 3' overhang inserts 
back inside the dsDNA. POT1 is the only protein, which enables the shelterin complex to 






Figure 3. Shelterin subunits and their potential arrangement within the T-loop. 
Shelterin caps the telomere and coordinates telomere looping. Coating of telomeres by the shelterin 
is essential for preventing telomere dysfunction leading to the DDR, apoptosis or senescence. 
Figure adapted from Ilicheva et al. [27]. 
 
1.2.2 Telomere Shortening 
Telomeres do not contain active genes, their role is strictly protective. Because 
eukaryotic chromosomes are linear, they face the so-called end replication problem, which 
results from the inability of DNA polymerases to completely replicate the chromosome 
ends. For this reason, each cell division of an average somatic cell loses 100 to 
200 telomeric base pairs, a lymphocyte about 120 base pairs [34,35]. Hayflick and 
colleagues reported that human diploid non-malignant fibroblasts experience 
50-60 divisions before entering replicative senescence [36,37]. The number of possible cell 
divisions a cell can undergo is now known as the Hayflick limit.  
Telomere shortening (figure 4) explains the fact that human DNA polymerase 
cannot initiate DNA synthesis de novo and requires ribonucleic acid (RNA) primer with 
a free 3' hydroxyl group. After the DNA replication, primers in both leading and lagging 
strands are eliminated and replaced with DNA. The issue is an end gap arising on 
5' termini due to the ultimate primer removal. Because DNA polymerase cannot attach 
the nucleotides to the 5' end, both daughter DNA strands have an incomplete 5' end with 
3' guanine-rich overhang. Length of the 3' overhang depends on the distance from 
telomeric end to initial primer positioning, but it is always at least as long as removed 
RNA segment, i. e. about 10 nucleotides [38]. Telomere shortening also results from 





Figure 4. Telomere shortening mechanism. Because of the chromosome linearity, 
the lagging strand cannot by synthesized entirely and its 5' end remains incomplete. Figure adapted 
from Else [41]. 
 
Over time, telomeres progressively shorten and reach a critical length, and thus 
they cannot perform their protective function anymore. Cells with too short telomeres lose 
shelterin subunits and their chromosome termini become exposed and fusogenic. 
Rearrangements induced by DDR result in chromosome fusion, and during the mitosis can 
lead to genomic instability onset due to dicentric chromosome breakage followed by other 
breakage-fusion events. 
The condition described above triggers, depending on the context in which 
the telomere uncapping occurs, cell cycle arrest (also called replicative senescence or 
mortality stage 1) and/or apoptosis. Entering the senescence is activated by cell cycle 
checkpoints pathways (e.g. by tumor suppressor proteins p53, retinoblastoma protein, etc.). 
If any of the checkpoints is crippled, cells bypass mortality stage 1 and telomeres are 
getting to a length of about 1.5 kilobases until a point called crisis 
(or mortality stage 2) [42]. This stage is characterized by widespread apoptosis, many 
dicentric and in other way aberrant chromosomes. Rarely, some of the cells extend their 
lifespan or become immortal by restoring telomerase activity and stabilizing TL. 
The indefinite proliferative potential is reputed to be an early step in 






1.3 Activation of the DNA Damage Response at Telomeres 
Telomere biology and DDR are inseparably linked. Telomeres prevent cells from 
mistaking natural chromosome ends from DNA breaks and the activation of telomeric 
DDR. Without the repressive activity of shelterin, uncapped telomeres are recognized as 
double-strand breaks (DSBs) and processed primarily through non-homologous end 
joining (NHEJ) repair. Whereas canonical or classical non-homologous end joining 
(c-NHEJ) is a predominant pathway of DNA DSBs repair in subtelomeres [43], telomeric 
regions employ homologous recombination (HR) and alternative, also called 
microhomology or backup, non-homologous end joining (alt-NHEJ) mediated repair [44]. 
Unlike natural ends of chromosomes, internal telomeric DSBs are recognized by DNA 
damage sensors, such as ataxia-telangiectasia mutated kinase (ATM), deliberately. 
At functional telomeres, suppressing the DDR signaling thus varies according to 
DSB position (see figure 5). 
 
 
Figure 5. DSB response at telomeres. Internal DSBs are repaired by pathways, which are 
due to telomere end-protection on telomere termini repressed. Active pathways are highlighted in 
green color, inactive ones are highlighted in red color. Figure adapted from Doksani [45]. 
 
Present studies provide, however, very little information about other DNA repair 
pathways at telomeres. Telomeres proficiency for base excision repair (BER) correlates 
with their ability to fix oxidative DNA lesions, monitoring the telomeres by nucleotide 




1.3.1 Non-Homologous End Joining 
The NHEJ is a major DSB repair pathway that triggers the fusion of 
dysfunctional telomeres [46]. Although c-NHEJ directly ligates DNA ends without any 
sequence homology, alt-NHEJ involves 5-25 base pairs microhomologous sequences and 
uses the same initial DNA-end resection step as HR [47]. Engagement of c-NHEJ or 
alt-NHEJ relies on the type of telomere defect and also on its position. While c-NHEJ 
becomes employed in naturally shortened and TRF2 depleted telomeres [48,49], internal 
DSBs and ssDNA overhang lacking TPP1/POT1 are repaired by alt-NHEJ [44,48].  
The function of NHEJ and also HR repair pathways is conditioned by three 
members of phosphoinositide 3-kinase-like family – ATM kinase, Rad3-related kinase 
(ATR), and DNA-dependent protein kinase (DNA-PK) [50,51]. ATM, ATR and DNA-PK 
act as DSB sensor proteins and are considered as hallmarks of dysfunctional telomeres. 
While ATM and ATR mediate series of protein phosphorylation events within the DNA 
damage checkpoints, DNA-PK is a core protein of c-NHEJ with possible involvement in 
the gap 2 phase of the cell cycle [52]. 
C-NHEJ is dependent on its core factors DNA ligase IV and Ku70/80 heterodimer, 
which together with DNA-PK catalytic subunit forms DNA-PK [53]. At the break, 
Ku encircles duplex DNA and recruits DNA-PK catalytic subunit, thereby activates its 
kinase function, and other downstream c-NHEJ factors [54]. Recent data suggests, 
that Ku heterotetramerization, the first step of c-NHEJ, is inhibited through TRF2 
association with Ku70 [49]. Consistent with this assumption, in vitro findings showed that 
RAP1 depletion results in loss of TRF1 and TRF2 and manifests by c-NHEJ of 
telomeric termini [55].  
Alt-NHEJ relies on its main components; poly(ADP-ribose) polymerase 1 and 
DNA ligase 3 and contributes to the repair of telomeric internal DSBs [56]. It is because 
initial end-resection at DSBs generates, due to TTAGGG repeating sequence, 
cohesive ends, and these microhomologies then become a substrate for alt-NHEJ [45]. 
Althougt alt-NHEJ is fully repressed at chromosome termini, its activity is unleashed at 
shelterin-free telomere overhangs in the absence of Ku70/80, which reflects shelterin and 
c-NHEJ factors inhibition effect [57,58]. These findings support the theory that at 
chromosome ends, alt-NHEJ can function as a backup pathway to c-NHEJ. Alt-NHEJ can 
be mediated via ATR signaling, which is at functional telomeres prevented 
e.g. by POT1/TPP1 [59]. The most presumable mechanism of ATR repression is that 
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POT1/TPP1 antagonizes replication protein A binding to telomeric ssDNA and prevents 
ATR signaling by excluding replication protein A from telomeres [60].   
Alt-NHEJ-mediated telomere fusion was detected in both colorectal polyps 
and carcinomas [61]. What is more, non-malignant mucosal cells and polyps displayed 
similarly shortened TL and adenomatous polyposis coli gene mutations, which implies that 
telomere erosion precedes the initiation of colon adenoma formation. 
 
1.3.2 Homologous Recombination 
A DSBs within the internal telomeric regions can be processed by homology-directed 
repair, through alt-NHEJ (see chapter 2.3.1) and HR [44]. Both HR and alt-NHEJ share 
the initial nucleolytic degradation of the 5' ends in a process called end resection [62].  
While HR proceed by ssDNA 3' strand invasion into the homologous sequence and its 
extension according to the template sequence, in alt-NHEJ-mediated repair exposed 
microhomologies anneal each other, overhanging bases are removed and the gaps then 
filled in by DNA polymerase. The initial DSB recognition and resection are promoted by 
MRN complex, consisting of meiotic recombination 11, RAD50 DSB repair protein, and 
Nijmegen breakage syndrome 1 protein, which further acts as a DNA damage marker. 
It seems that both HR and NHEJ factors are recruited to the site of DSB, if available, and 
that assembly of NHEJ factors precedes HR factors [63]. The preference of a particular 
DNA DSB repair pathway is probably based on the DNA end structure, location of DNA 
lesion and phase of the cell cycle [64,65]. However, the interplay between HR and NHEJ 
at telomeres is not fully comprehended.  
A recombination-based telomerase independent mechanism of maintaining TL is 
called alternative lengthening of telomeres (ALT) and is employed in up to 10 % of human 
tumors, the remaining proportion utilizes telomerase. ALT phenotype is unique for cancer 
cells, which do not express telomerase and need to extend critically short telomeres [66]. 
The template for such DNA synthesis can be a sister chromatid or a telomeric DNA of 
the non-homologous chromosome [67,68]. Telomerase-positive cancer cells can after 
inhibition of telomerase activity switch to the ALT pathway [69], which makes an obstacle 
for telomerase-targeted cancer therapy [70]. ALT activity is assayed by telomeric 
cytosine-rich ssDNA circles [71]. These molecules are specific for ALT, 
but the underlying mechanism is unknown. Apart from the participation in ALT, 
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HR pathway apparently contributes to the formation of telomere protective structures, 
such as D-loop, at chromosome ends after replication [65]. 
The homology-directed repair at telomere ends is prevented through 
TRF2-RAP1 heterodimer. TRF2 and RAP1 cooperate to suppress telomere resection 
facilitated by poly(ADP-ribose) polymerase 1 and structure-specific endonuclease subunit 
SLX4, and their impaired interaction results in telomeric loss and sister 
chromatid exchanges [72]. Additionally, the TRF2-RAP1 complex suppresses HR repair in 
the absence of Ku70/80 [26]. TRF2 is considered to be the main repressor of DDR at 
telomeres also because acts as a direct inhibitor of ATM, by preventing its 
autophosphorylation on serine 1981 and subsequent p53 activation [73,74]. 
At functional  before replication, T-loop by TRF2 prevents ATM signaling by blocking 
MRN complex from binding to telomere terminus [75]. 
In connection to CRC, it was found that microsatellite stable (MSS) and 
chromosomally unstable rectal cancers use ALT rather than telomere extension 
by telomerase [76]. The in vitro study on colon cancer cells with a defect in MMR protein 
mutS homolog 6 (MSH6) showed that telomerase inhibition in these cells induces 
ALT mechanism and that MMR insufficiency may be contributive to the engagement of 
the ALT pathway [77]. 
 
1.3.3 Base Excision Repair 
BER pathway corrects small non-helix-distorting base lesions that arise due to 
oxidation, deamination, alkylation, hydrolysis, and also repairs ssDNA breaks. 
The BER pathway is initiated by a damage-specific DNA glycosylase that recognizes and 
removes altered base(s), and then further continues by short-patch repair or 
long-patch repair. Oxidative lesions at telomeres are together with the rest of the genomic 
regions maintained by BER. 
Since guanine is the most readily oxidized base, telomeric guanine-rich motifs are 
very vulnerable to oxidative DNA damage, such as 8-oxo-7,8-dihydroguanine 
(8-oxoguanine) adducts and their dominant products 5-guanidinohydantoin and 
spiroiminodihydantoin [78,79]. Telomeres also contain other oxidatively modified 
DNA bases, e.g. thymine glycol [80]. BER promotion at telomeres, although less efficient 
upon some damaged base positions, was demonstrated on 8-oxoguanine DNA glycosylase 
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involved in 8-oxoguanine removal [81]. Other studies also reported recruitment of 
BER DNA glycosylases, such as endonuclease VIII-like 1, endonuclease VIII-like 3 and 
endonuclease III-like 1, recruitment of DNA polymerase β, flap endonuclease 1, etc., 
to the  DNA damage [78,82].  
As for shelterin proteins, POT1, TRF1, and TRF2 were found to allow the proteins 
of long-patch BER to access the damaged DNA [83]. TRF1 also interacts with 
endonuclease VIII-like 3, which cleaves thymine glycol bases and initiates 
long-patch BER [78,84]. Further, thymine glycol and misincorporation of uracil to thymine 
decrease recognition by POT1 [85,86].  
In summary, available studies conclude that telomere loss is largely driven by 
oxidative damage and that BER is the important DDR pathway in the maintenance of 
telomere integrity [87,88]. 
 
1.3.4 Nucleotide Excision Repair 
NER is responsible for removing helix-distorting DNA lesions caused by 
exogenous agents, such as chemicals (e.g. intercalating agents) or ultraviolet radiation. 
Although telomeres are liable to ultraviolet-induced dipyrimidine photoproducts, such as 
cyclobutane pyrimidine dimers, NER proficiency at telomeres remains unclear. Telomeres 
likely tolerate some unrepaired lesions. Chronically irradiated cells with high levels of 
telomeric cyclobutane pyrimidine dimers do not experience telomere shortening and 
continue to proliferate [89]. A later study conducted in cells found that xeroderma 
pigmentosum group A protein, a core component of NER, seems to be involved in 
photoproducts removal [90]. Compared to the bulk genome, purified telomeric fragments 
exhibited comparable amounts of ultraviolet light lesions. However, the pre-incubation of 
purified telomeres with TRF1 significantly reduced photoproduct formation at telomeres. 
The study indicates that telomeres are partially protected by shelterin against 
ultraviolet-induced DNA damage. The impact of bulky DNA adducts induced by chemical 





1.3.5 Mismatch Repair 
MMR facilitates the repair of mismatched bases generated by DNA polymerase 
during replication. Satellite sequences, including telomeres, are more prone to polymerase 
slippage during DNA replication. If unrepaired, the slipped-strand mispairing may yield 
a frameshift event. Impaired MMR gene function thus leads to mutations that accumulate 
in repetitive regions and consequent MSI. Around 15 % of sporadic and 86 % of hereditary 
CRC is characterized by MSI [91,92]. It is no wonder that MSI is a molecular hallmark 
used to identify hereditary CRC, and also both a predictive and a prognostic marker for 
sporadic CRC. In hereditary forms of CRC, MSI has been attributed to germline mutations 
in MMR, in sporadic cases, the majority of MMR deficiencies occur due to 
aberrant hypermethylation of 5' cytosine-phosphate-guanine island promoter of 
MMR gene MLH1, encoding mutL homolog 1 [93,94]. 
In numerous CRC studies, defect in a key MMR gene MSH2, encoding 
mutS homolog 2, was related to telomere shortening, end-to-end fusion and attenuation of 
DDR at telomeres [92,95–98]. The study of individuals from Lynch syndrome families 
showed that cancer-affected MMR gene mutation carriers had significantly shorter 
telomeres than cancer-free mutation carriers [99]. Subsequently, the same collective of 
authors linked longer TL to Lynch syndrome-associated cancer risk in 
MMR-proficient carriers [100]. Loss-of-function mutations in some MMR proteins seem 
to promote ALT. Bechter et al. reported that telomerase and MMR gene MSH6 deficient 
colon cancer cells exhibited the ALT pathway and increased sister 
chromatid exchange [77]. Increased prevalence of ALT was observed in MMR-deficient 
patients with gastric cancer, too [101]. Telomeric repeats may be also present in 
non-terminal regions of chromosomes. ATPase activity of MLH1 is important to suppress 
the insertion of aberrant telomeric sequences, called interstitial telomeric sequences, 
at intrachromosomal sites [102,103]. 
Lastly, it can be said that defective MMR proteins have various effects on telomere 
recombination and attrition. Although the repetitive nature of telomeric DNA provides 
a hint of susceptibility to potential mismatch incorporation, presence of mismatches at 
telomeres, the mechanism of their recognition, and anticipated impact on shelterin binding 
affinity to DNA remain unanswered. In summary, maintenance of telomeric ends by 




1.4 Telomere Biology and Novel Approaches to Cancer Screening 
Telomere shortening has been implicated in risk for aging-related diseases, such as 
Werner syndrome and cardiovascular diseases [104,105], and for developing many 
cancers, e.g. tumors of the urinary bladder, breast, digestive system, endometrioid, head 
and neck, lungs, and renal cancer [106–112]. A possible elevated risk associated with short 
TL show especially cancers of the head and neck, lungs and urinary bladder, and with long 
TL endometrial, breast and kidney cancers. Regarding CRC, the association between 
lymphocytes TL and CRC risk and prognosis was not definitely validated. 
Studies of telomere attrition are predominantly conducted on pairs of matched 
tumor and adjacent healthy tissue samples, or less often on peripheral blood lymphocytes 
(PBL). TL in tumor tissue can be a potential marker of cancer prognosis, but it is neither 
a suitable tool in cancer detection nor an applicable risk assessment tool. CRC studies 
evaluating TL in tumor and adjacent healthy tissue reported significantly shorter telomeres 
in tumor tissue [113,114]. The same association was reported in the study conducted in our 
laboratory and, moreover, the smaller TL ratio between tumor tissue and adjacent mucosa 
was associated with better CRC prognosis [115]. Further, TL in tumor tissue was 
associated with a KRAS mutation, a gene encoding Kirsten rat sarcoma viral 
oncogene homolog [114]. 
Compared to tissues, blood, urine or fecal sampling is a minimally invasive procedure 
and thus represents an easily obtainable material for cancer screening, 
including CRC [116,117]. In body fluids, traces of a tumor's genetic material, such as 
circulating tumor DNA fragments and circulating tumor cells, can be tested by so-called 
liquid biopsy. This technique is a new, gentle alternative to surgical biopsies of solid 
tissue, and enables real-time assessment of the molecular profile of the tumor. 
It was estimated that from tumor reaching the size of 100 grams, corresponding to 
approximately 3 × 1010 neoplastic cells, 3.3 % of tumor tissue DNA is found into 
bloodstream each day [118]. DNA, occurring in stool through natural exfoliation, is used 
for the detection of tumor markers [119]. However, human DNA in stool is 
highly heterogenous. Its content is only 1 to 0.01 %, and tumor DNA originates from 
1 % of the cells sloughed [120]. Particularly in gastrointestinal cancer, liquid biopsy has 
promising potential for future clinical implementation [121]. The main source of liquid 
biopsy in CRC is peripheral blood, less frequently stool. Interestingly, Fujii et al. found 
that tumor-derived cell-free DNA in urine evinced the same KRAS mutations as 
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CRC tissue [122]. Likewise, changes in TL based on cell-free urinary DNA may be 
suitable biological material not even for urological tract cancers.  
 
1.5 Telomerase 
It is well known that telomeres shorten with increasing cell age. Telomere 
shortening occurs in 85–90 % of malignant cells counteracted by enzyme telomerase, 
RNA-dependent DNA polymerase [123]. The rest of these cells 
utilize ALT [124]. Under physiological circumstances, the telomerase is active in germ, 
embryonic cells, and some white blood cells like B and T lymphocytes [125]. In cells that 
underwent terminal differentiation, telomerase becomes silenced and shortening telomeres 
causes their finite proliferative life span. In telomerase-positive cells, telomere shortening 
is arrested and telomeres are continually being built up by adding repeat sequences to 
the 3' end (depicted in figure 6) [42]. As TL is proportional to a cell replicative capacity, 
telomerase expression renders cells to be immortal. Interestingly, telomerase extends 
preferably shorter telomeres and does not act on all telomeres in each cycle [126]. 
Telomerase recruitment is mediated by shelterin protein TIN2 and other 
telomere-associated proteins [28,127]. 
In humans, telomerase consists of human telomerase reverse transcriptase 
(hTERT), a catalytic protein subunit of the enzyme, and an integral telomerase RNA 
component (hTERC), which specifies the sequence for telomere synthesis. Functional 
telomerase holoenzyme also contains H/ACA small nucleolar ribonucleoprotein with 
dyskerin, NOP10 and NHP2 ribonucleoproteins, and nuclear assembly factor 1 
ribonucleoprotein, later replaced by GAR1 ribonucleoprotein [128]. While hTERC seems 
to be ubiquitously expressed in all somatic cells, hTERT is expressed only in telomerase-
positive cells [129]. Therefore, transcriptional activation of hTERT is a rate-limiting step 
for telomerase activity and the activity can be reflected in the level of 
hTERT expression [130–132]. Further, it was found that hTERT upregulation correlates 
with alterations on its promoter [133]. These changes are the most frequently point 





Figure 6. Telomerase mechanism of telomere synthesis. Telomerase subunit hTERC 
hybridizes 3' guanine-rich overhang at the end of the chromosome. Subsequently, RNA is used as 
a template for hTERT and telomere synthesis is accomplished to the very end of the template. 
The telomerase complex then relocates along with the template and synthesizes additional repeats. 
Once the telomere guanine-rich (leading) strand is elongated, DNA primase and DNA polymerase 
can finish the synthesis of the complementary cytosine-rich (lagging) strand. Figure adapted 
from Sarek et al. [137]. 
  
Telomerase activity is an independent marker of poor clinical outcome in cancer, 
including CRC [138–140]. Because most somatic cells exhibit none or weak telomerase 
activity, telomerase inhibitors could be very useful for selective targeting of 
cancer cells [141]. Recently, Jeung et al. described that telomerase activity in CRC patients 
is regulated by alternative splicing of hTERT pre-messenger ribonucleic acid, which 
implies that the hTERT expression level may not always correlate with 
telomerase activity [142]. Further, Ayiomamitis et al. observed different telomerase and 
MutL homolog 1 profiles in cancer cells from colon and rectum, in which case colon 
cancer cells had significantly higher telomerase level and were more frequently 
MutL homolog 1 proficient [143]. Moreover, p53 status was confirmed to inversely 
correlate with telomerase activity, which points to the impaired regulation of the cell cycle 
and apoptosis in these cells.  
26 
 
1.6 Lymphocyte Telomere Length  
Peripheral blood mononuclear cells, a biological material used in this study, 
represent blood cells having a round nucleus, which can be categorized into monocytes and 
cells of lymphoid lineage; B-lymphocytes, T-lymphocytes, and natural killer cells 
(NK cells). As mature myeloid cells (and so monocytes as well) are differentiated and 
do not divide [144], lymphocytes undergo proliferation [145–147]. 
In humans, lymphocytes account for about 90 % of peripheral blood 
mononuclear cells [148]. Thus, in the following chapters of the diploma thesis we used 
the term PBL. 
Studies confirmed that telomere attrition in both lymphoid and myeloid cell lineages 
is associated with age [149,150]. Telomere shortening has been also observed during naive 
T-lymphocytes differentiation to memory T-lymphocytes and during 
CD28+ T-lymphocytes differentiation to CD28−CD8+ T-lymphocytes (the clusters of 
differentiation, abbreviated as CD, refers to antigens present on the surface 
of leukocytes) [151,152]. Besides that, altered PBL TL is linked to some types of blood 
cancer, such as acute myeloid leukemia and myelodysplastic syndromes [153], and several 
above-mentioned malignancies [106–112]. Present findings of Lin et al. show that TL 
changes in CD4+, CD8+CD28+, and CD8+CD28− T-lymphocytes and B-lymphocytes are in 
each individual person correlated, and thus it is likely that PBL TL is 
regulated systematically [154]. PBL TL can oscillate between elongation and shortening in 
the order of months [155]. Comparing different human tissues, the most variable TL was 
observed specifically in PBL, and in addition to that PBL and tissue telomeres did not 
demonstrate synchronous maintenance [156]. 
During the immunological response, the cells of adaptive immunity are induced to 
extensively multiply or differentiate. Although telomerase may be active in NK cells and 
both naive and activated T and B-lymphocytes [157,158], its level is tightly regulated and 
differ among particular T and B-lymphocyte subsets and also among the resting and 
stimulated forms [150]. Telomerase rapid increase was after the hTERT-transduced 
CD8+ and CD4+ T-lymphocytes activation observed by Hooijberg et al. and 
Roth et al. [159,160]. The study of T-lymphocytes conducted by Huang et al. further 
suggested that telomerase activity is required during long-term lymphocytes proliferation 
due to critical telomere loss, not for short-term proliferation even if telomerase 
is presented [161]. Roth et al. reported that memory T-lymphocyte hTERT up-regulation 
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decreases over time upon activation and inversely correlates with the replicative 
history of the cells [160]. Thus telomerase likely limits the growth of T-lymphocytes. 
Progressively, telomerase is not able to maintain the lymphocyte TL and owing to 
proliferation, the telomeres are getting shorter. Therefore, it can be assumed that 
maintenance of the TL protects blood cells from premature telomere erosion and prolong 
their involvement in the adaptive immune response.  
In CRC patients it was confirmed that PBL TL dynamics is a result of regulatory 
mechanisms associated to the presence of a tumor [162]. In the study, high lymphocytes 
infiltration within the tumor correlated with the short TL in PBL. The abundance of 
tumor-infiltrating lymphocytes signifies a MSI phenotype of CRC tumors [163]. 
MSI association with improved diagnosis and high presence of tumor-infiltrating 
lymphocytes in nearly half of the MSI-high CRC cases provide plausible evidence that 
MSI CRC better prognosis is reliant on the increased immunogenicity 
of a tumor [164,165]. This is not applicable in the combination with MSI-high and 
cytosine-phosphate-guanine island methylator phenotype-positive tumors [166]. 
The short TL in CRC patients was significantly associated with higher PBL 
CD4+ T-lymphocyte fraction (Chen et al., 2014), which confirms that the function of 
adaptive immune system changes with the altered TL (see above). Adaptive immune 
system aging and its relation to the TL was summarized by Kaszunowska [167]. 
A study on 94 patients by Mzahma et al. comparing the TL in CRC tissues and 
corresponding PBL samples confirmed the TL correlation between these two 
types of samples [168], but the others did not prove this association [115]. 
In general, the tumor tissue showed a shorter TL than PBL.  
 
1.6.1 Leukocyte Telomere Length Association to Colorectal Cancer Risk 
Present findings describing PBL TL dynamics in relationship to CRC risk are 
ambiguous. Two studies, comprising 441 CRC cases and 549 healthy controls and 
598 CRC cases and 2,212 healthy controls, reported an elevated CRC risk in individuals 
with both extreme short or extreme long PBL telomeres, suggesting 
a U-shape association [169,170]. In the latter study, a U-shape relationship correlated with 
age as well. Among younger individuals (≤ 50 years of age) with shorter telomeres, 
CRC risk was 2 - 6 times higher, older individuals (> 50 years of age) with shorter 
telomeres had the CRC risk increased 2–12 times. A possible U-shaped association with 
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the rectal cancer was also suggested by Pellat et al. [171]. In addition to that, their 
case-control study of 249 colon cancer cases and 371 controls and 276 rectal cancer cases 
and 372 controls found that after adjusting for age and sex, a longer TL was significantly 
related to reduced colon cancer risk. 
Other studies indicate that the theory, assigning very short or very long telomeres to 
CRC risk, might be correct. The publication, including 628 Chinese patients with CRC and 
1,256 healthy controls, revealed a significant association between short PBL TL and 
increased CRC risk [172]. Further, Chen et al. published that short PBL TL occurs in 
patients with advanced TNM (tumor-node-metastasis) stage (III and IV), and have 
a relation to worse CRC prognosis and adaptive immune response stimulated by 
CD4+ helper T-lymphocytes [173]. Ninety patients in the training set, 96 patients in 
the testing set and an independent cohort of 395 patients participated in the research. 
In contrast, the present largest cohort study, comprising more than 26,000 participants with 
776 CRC cases included, reported that longer PBL TL is linked to a higher risk for CRC, 
particularly in the rectum [174].  
Above all the studies, which reported a null association of PBL TL with CRC, 
it should be noted the large case-control study involving 2,011 individuals: 384 CRC cases, 
544 high and 537 low-risk adenoma patients and 546 colonoscopy-negative controls [175]. 
However, the above study identified significantly longer telomeres in CRC patients, 
comparing to colonoscopy-negative controls. Also, the prospective cohort study of 
28,000 women, with 134 incident CRC cases and 357 age-matched controls, found no 
evidence linking PBL TL with CRC risk [176]. These findings are in concordance with 
the other two studies; the prospective cohort study in 14,916 men with 191 incident cases 
and 306 controls matching on age, smoking, and length of therapy, and the prospective 
case-control study in 185 cases and 406 controls [177,178]. In the retrospectively designed 
study, however, where authors of the latter named study reported on a data set of 
2,249 CRC cases and 2161 matched-controls, after adjusting for age and gender, 
a significant association between the shorter TL and cancer status [178]. The authors of 
the former study reported that TL negatively correlates with age [177]. 
Despite the conflicting results, imposed by large CRC heterogeneity, relatively low 
numbers of patients due to the variable clinical features of the disease, the topic indeed 




2 Aims and Objectives of the Thesis 
The general purposes of this study were to analyze the clinical manifestations 
of the PBL TL in CRC patients and to investigate the association of TL with the prognosis 
and clinico-pathological features of the patients. Further, utilization of PBL TL as 
a potential non-invasive blood biomarker for CRC treatment management 
was investigated. 
 
The study aimed to monitor TL of patients in the course of the disease. 
The main objectives were: 
I. To compare two quantitative polymerase chain reaction-based methods for 
measuring the relative telomere length (RTL) and find out if there is 
a correlation between the values obtained by both methods. 
II. To investigate, whether and how the telomere length changes over time, and 
to determine the correlation between the telomere length and selected study 
population characteristics. A particular attention was paid to changes of TL 
after treatment since sequential samplings enabled this approach. 
 
The research currently underway in our Department follows the objectives described 
above and focuses on telomerase activity, determined by hTERT gene and protein 
expressions. This study includes the same group of patients as in the case of 
monitoring the TL. 
 
The main objectives are: 
I.  To elucidate the role of hTERT messenger ribonucleic acid (mRNA) 
expression as a prognostic marker in CRC. 
II. To determine whether there is a correlation between the PBL TL and hTERT 
mRNA expression. 
Even though the determination of telomerase activity is beyond the scope of this 
diploma thesis, a principle of the methods used to measure hTERT mRNA expression and 
illustrative hTERT mRNA expression data are stated in this diploma thesis, too. 
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3 Materials and Methods 
3.1 Study Population 
Peripheral blood samples from 172 newly diagnosed, untreated and histologically 
confirmed CRC patients (1st sampling) were obtained at Thomayer Hospital in Prague, 
Czech Republic. In the case of another group of 21 patients, the samples were missing. 
Blood specimens obtained from this group of patients were taken at a later date after 
initiation of therapy, and thus were classified as repeated. The repeated samples were 
collected periodically half a year (2nd sampling of 158 individuals), one year (3rd sampling 
of 125 individuals) and one and half year (4th sampling of 29 individuals) from the time of 
patient’s diagnosis. Complete set of samples (comprising four different samplings) 
was available from 13 patients, the first three samples from 74 patients. For the rest of 
142 patients, only the first two samples were drawn. In all, we collected 484 samples 
from 193 patients. 
All participants provided a written informed consent before entering the study. 
Sampling of peripheral blood was carried out according to the ethical standard of 
the World Medical Declaration of Helsinki. Clinicopathological characteristics of all 
patients were collected from the medical records, personal data were acquired from 
lifestyle questionnaires. Only collaborating clinicians could disclose the identity of 
the participants, since they entered the study coded. 
 
 
3.1.1 Patient's Stratification for Telomere Length Data Analysis 
On the basis of the personal data, clinico-pathological and lifestyle characteristics, 
patients were clustered into the subgroups according to their age (using median split), 
gender (males vs. females), cigarette smoking habit (smokers vs. non-smokers), primary 
tumor site (proximal colon, distal colon and rectum), TNM stage (0 + I + II vs. III + IV), 
microsatellite status (MSS vs. MSI), therapy response (good responders vs. poor 
responders), use of the neoadjuvant therapy in rectal cancer cases (yes/no) and type 2 
diabetes mellitus status (diabetics vs. non-diabetics). Individuals, for whom these 
sub-criteria were not available, were excluded from particular analyses. 





Table 1. Patients' clinical and demographic characteristics. A total number of 
patients N was 193. SD stands for standard deviation. 
Characteristic Frequency 
Median age at diagnosis (range) 67 years (34−88) 
Gender N (%) 
     Male  123 (63.73) 
     Female  70 (36.27) 
Tobacco use (Missing data N = 10)  
     Smoker  43 (23.50 
     Non-smoker  140 (76.50) 
Site of the primary tumor (Missing data N = 2)  
     Proximal colon  35 (18.33) 
     Distal colon  83 (43.46) 
     Rectum  73 (38.21) 
Type 2 diabetes melitus  
     Diabetic  42 (21.76) 
     Non-diabetic  151 (78.24) 
TNM stage group  
    0+ I+II  13 + 59 + 55 (65.80) 
     III+IV  42 + 24 (34.20) 
Microsatellite status (Missing data N = 34)  
     Stable  136 (85.53) 
     Instable  23 (14.47) 
Response to therapy (Missing data N = 106)  
     Good  61 (70.11) 
     Poor  26 (29.89) 
Neoadjuvant therapy (rectal cancer patients)  
     Yes  46 (63.01) 
     No  27 (36.99) 
 
 
To verify the common knowledge that telomere shortening is connected to aging, 
patients were divided into two groups based on their median age. The connection between 
gender and TL was tested between men's and women's groups. Cigarette smoking impact 
on TL was tested in two groups. As smokers were classified current and former smokers 
who had quit smoking within the past 5 years. Non-smokers were the patients who 
reported that they had never smoked and former smokers who had quit smoking more 
than 5 years before diagnosis.  
Further, TL was compared between the groups of patients spanning in early 
(0 and I + II) and late (III + IV) stages of tumor progression. Tumor staging was done by 
Union for International Cancer Control TNM classification of tumors, where T describes 
the size of the primary tumor and its extent in nearby tissue, N refers to the number of 
regional lymph nodes to which cancer has spread and M describes the spread of cancer to 
different parts of the body. TNM classification divides patients from least (0) to most severe 
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(IV) TNM stages (see table 2). Stage 0 is carcinoma in situ, an early, non-invasive form of 
cancer. In contrast to stage 0, stage I is assigned by cancer cells growing beyond mucosa 
and in stage II, cancer continues to grow through the muscle or outer layer of colon or 
rectum. In Stage III, cancer affects the nearby lymph nodes. Stage IV is then a final stage 
characterized by cancer spreading to distant sites (particularly liver). 
 
Table 2. TNM Staging Classification of Colon and Rectal Cancer. A combination of 
each of the T, N, and M variables correspond to stages 0–IV, where IV is the most advanced.  
Adapted from Nelson et al. [179]. 
 Characteristics 







Carcinoma in situ 
Tumor invades submucosa 
Tumor invades muscularis propria 
Tumor invades througt muscularis propria into the subserosa or 
nonperitonealized pericolic or perirectal tissues 
Tumor perforates visceral peritoneum or directly invades other organs 
or structures 




No regional lymph node metastases 
Metastases in 1–3 regional lymph nodes 
Metastases in ≥ 4 regional lymph nodes 
Distatant Metastases (M)  
M0 
M1 
No distant metastases 
Distant metastases 
TNM stage Categories 
0 Tis, N0, M0 
I T1–2, N0, M0 
II T3–4, N0, M0 
III Any T, N1–2, M0 
IV Any T, any N, M1 
 
The TL was also investigated in relation to a primary tumor location. 
Concerning the different clinical behavior of colon and rectum, patients were categorized 
into two groups according to Clinical Modification of the 10th revision of the International 
Classification of Diseases Codes. Individuals with the primary tumor(s) located in 
the cecum (code C18.0), ascending colon (C18.2), hepatic flexure (C18.3) or 
transverse colon (C18.4) were classified as proximal colon cancer group. 
The patients having the primary tumor within the splenic flexure (C18.5), 
descending colon (C18.6), sigmoid colon (18.7), rectosigmoid junction (C19.0) or those 
with an unspecified malignant neoplasm of the colon (18.9) were considered to have distal 
colon cancer. The last group comprised patients having malignant neoplasm of 
the rectum (C20.0). In the case of synchronous CRC, defined by more than one distinct 
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primary tumor, developed in colon and rectum, patients were classified in the colon 
cancer group. A common treatment strategy for stage II and III rectal cancer requires 
a neoadjuvant therapy. Patients with rectal cancer were therefore further stratified by 
neoadjuvant chemotherapy to those, who received it and those, who did not, and we 
examined its association with TL. 
The relationship between TL attrition and chromosome instability was studied in 
two groups of patients; with MSI (MSI-high and MSI-low individuals were combined) and 
MSS tumors. To determine whether the TL predicts response to chemotherapy, patients 
were divided into good and poor responder groups, too. The stratification took account of 
clinical responses to neoadjuvant and adjuvant therapy and the date of death from cancer. 
In case that patients did not receive either therapy or their cancer therapy data were 
incomplete, they were excluded from the analysis. Further, the effect of diabetes mellitus 
on TL was tested by comparing patients having type 2 diabetes mellitus with 
non-diabetic patients. Last but not least, the role of TL in CRC survival was investigated. 
For this purpose, the group of patients, from whom the data were available at least 5 years 
after diagnosis, was created. 
 
3.2 Blood Collection, Processing, and Storage 
All the blood specimens were collected into blood collection tubes containing 
dipotassium ethylenediaminetetraacetic acid as a strong anticoagulant. After blood 
sampling, fresh specimens were partially processed to produce plasma and mononuclear 
cells, and the remainder was left unprocessed and long term stored with obtained blood 
fractions at -80 °C. Before use, frozen samples were thawed at a 37 °C in the thermostat. 
In this experiment, only whole blood, as a source of DNA, and PBMC, intended to RNA 
isolation, were used. Both DNA and RNA were a starting material for the quantitative 
polymerase chain reaction (qPCR)-based analyses. Blood processing is performed in our 







3.3 Peripheral Blood Lymphocytes Isolation 
Living peripheral blood lymphocytes were isolated from fresh whole 
blood specimens. Their separation from other blood components was performed by 
Ficoll-Paque PLUS (GE Healthcare Life Sciences) flotation. Ficoll is a synthetic 
polysaccharide which together with sodium diatrizoate and calcium disodium 
ethylenediamintetraacetic acid makes up a density fluid widely used for gradient 
centrifugation. Lymphocytes, monocytes, and platelets have a lower density and after 
the centrifugation stay between plasma and Ficoll, while red blood cells and granulocytes 
are dense enough to pass through and are found at the bottom of the tube. 
Two ml of anticoagulant-treated blood were diluted with an equal volume of sterile 
phosphate-buffered saline (PBS). One liter of 1X PBS was prepared by dissolving 
9.0 g NaCl, 1.2 g Na2HPO4·12H2O, 0.2 g NaH2PO4·2H2O, 0.2 KCl in distilled water. 
The volume was adjusted to 1 l and pH to 7.4. The mixture of blood and PBS was carefully 
layered over the 3 ml of Ficoll and centrifuged at 580 x g for 15 min at 4 °C. Brake off 
ensures density gradient not disrupted by deceleration and mononuclear cells stay within 
the buffy coat, a concentrated white blood cell fraction. After the centrifugation, 
a white blood cell band was harvested with Pasteur pipette to get about 3–4 ml of cells. 
Collected suspension was then washed three times with PBS. Washing was performed to 
remove Ficoll, plasma, and platelets off lymphocytes and monocytes.  
The sample volume was filled to 8 ml with PBS and the sample spun down at 
2400 x g for 8 min at 4 °C, with brake 8. Brake should be turned on because the low-speed 
centrifugation allows the cells to pellet at the bottom of the tube without the platelets. 
The supernatant was discarded, pellet washed with 4 ml of PBS and the next centrifugation 
proceeded at the same settings only for 5 min. Subsequently, the supernatant was removed 
and the cell pellet washed with 2 ml of PBS last time. This step was followed by 
5 min centrifugation at 2000 x g (6000 rpm) and supernatant fluid removal by a filtered 
pipette tip. Obtained PBL were resuspended in 1 ml of TRIzol Reagent (Invitrogen) and 
cell homogenized by vortexing. To permit a complete dissociation of nucleoprotein 
complexes such as ribosomes, the homogenate was allowed to sit for 5 min 





3.4 DNA Extraction from Blood and Concentration Measurement 
There are numerous possibilities for DNA extraction. The most common isolation 
methods can be divided into two classes: the commercial spin column-based protocols and 
the solution-based protocols, such as the traditional phenol-chloroform method. 
The methods should be carefully chosen to optimize the yield and quality of the extracted 
DNA for endpoint applications. Commercial DNA extraction kits are fast, designed for 
small samples, and well suited for experiments requiring a high DNA purity. 
Since the yields may be lower than yields obtained by using the manual method, 
those commercial kits are ideal for polymerase chain reaction (PCR)-based techniques. 
Phenol-chloroform extraction is cheap and provides large amounts of high molecular 
weight DNA convenient for DNA hybridization or preparing the concentrated 
DNA stock solutions. However, its drawbacks include high sample consumption, 
the toxicity of phenol and chloroform, and their leftovers affecting enzyme activity in 
sensitive downstream applications, especially in sequencing and PCR. 
Genomic DNA was extracted manually from whole blood using the DNeasy Blood 
and Tissue Kit (Qiagen, Valencia, CA) according to the instruction manual. 
An additional advantage of this kit is that it facilitates a simultaneous isolations of multiple 
samples. In a single run, 24 samples proved to be appropriate to process. 
A part of the samples was purified semi-automatically using the QIAcube 
(Qiagen, Valencia, CA) robotic workstation, following the same protocol with 
minor modifications. Processing of up to 20 samples could be performed per run. 
Due to the previous studies, DNA from about 300 samples was already isolated. 
Hence, the isolation of only about 200 samples was needed to be done. 
For the manual extraction method, samples were first lysed by incubation with 
proteinase K. Twenty µl of proteinase K (600 mAU/ml, AU = Anson unit) were pipetted 
into a 1.5 ml microcentrifuge tube, then 100 ml of anticoagulated blood was added. 
The final sample volume was adjusted to 220 µl with PBS. In the next step, 
200 µl of commercial buffer assigned as AL was added to the tube. The content was mixed 
thoroughly by vortexing for 5 min and incubated for 10 min at 56 °C in a thermoblock. 
After proteinase K digestion, 200 µl of 96% ethanol was placed in a sample. 
The solution was mixed by vortex for 5 min and heated again for 10 min at 56 °C. 
The whole mixture was applied to the spin column inserted in a 2 ml collection tube. 
The column was centrifuged at 6000 x g (8000 rpm) for 1 min. The eluate was discarded, 
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while the column was retained and placed into a new 2 ml collection tube. When DNA was 
loaded onto the silica matrix, the column was washed with 500 ml of the commercial 
buffer assigned as AW1 under the same centrifugation conditions. The eluate was 
discarded again and the column was washed by adding 500 ml of the commercial buffer 
assigned as AW2 and centrifugation at 20000 x g (14000 rpm) for 3 min. After the series 
of repeated washing and centrifuging steps, the column was inserted in a clean 
1.5 ml microcentrifuge tube. To elute DNA, the silica membrane was incubated with 
100 µl of the elution commercial buffer assigned as AE at room temperature for 1 min. 
Then, the sample was centrifuged at 6000 x g (8000 rpm) for 1 min. 
For maximum DNA yield, elution was repeated once more as described in 
the previous step.  
As for automatic isolation with QIAcube, the extraction was performed according 
to the same protocol as the manual procedure described above. No change in purification 
chemistry was required. To improve the yield of DNA, a blood volume size was raised to 
200 µl from 100 µl, thus the blood dilution step with PBS was abandoned.  
The DNA concentration and its purity were determined using the Thermo Scientific 
NanoDrop 2000 spectophotometer, which enables nucleic acid quantification with 
minimal (1 µl) consumption of the sample. Evaluation of DNA integrity and thus quality 
was not examined. Pure DNA samples typically yield an optical density (OD) 
260/280 absorbance ratio of 1.8. Purity ratios that are significantly lower than 1.8 indicate 
the presence of proteins, organic solvents, or other contaminants that absorb strongly at or 
near 280 nm. The wavelength of maximum absorption for both DNA and RNA is 260 nm. 
An OD 260/230 absorbance ratio serves as a secondary measure of nucleic acid purity. 
The generally accepted value is in the range of 2.0-2.2. Lower values may indicate 
contamination with salts or organic solvents which absorb at 230 nm. 
An OD 260/230 absorbance ratio is also dependent on the pH and ionic strength of the 
buffer used to dissolve the samples. Incompletely dissolved samples have the ratio < 1.7. 
Some chemicals such as phenol lower both the ratios, since phenol’s ultraviolet spectrum 








3.5 RNA Extraction from Lymphocytes and Concentration Measurement 
Compared with DNA isolation, RNA is more susceptible to degradation due to 
highly reactive 2' hydroxyl group, and a single-stranded structure makes it sensitive to 
heat. Another difficulty is the potential RNA digestion by ribonuclease enzymes (RNases). 
RNases are groups of enzymes which facilitate degradation of RNA, thereby control gene 
expression and defense organisms against RNA viruses. The presence of RNases is 
common in all cell types and the external environment. RNA isolation thereby requires 
cautious handling of samples, which should be processed in an RNase-free environment 
with RNase-free chemicals, plastics, and filtered pipette tips. Common methods of RNA 
extraction are phenol-chloroform-based, including total RNA extraction with TRIzol used 
in this study. An alternative to phenol-based methods are kits based on silica spin column 
technology. At the moment of submitting the diploma thesis, only the 1st sampling isolation 
has been done. When summarizing the work, I personally isolated about half of these 
samples, the rest was already extracted to be used in other experiments.  
Starting material for RNA isolation were PBL in TRIzol (see chapter 3.3). 
TRIzol mainly consists of acid phenol and guanidine isothiocyanate. Guanidine salts work 
as a strong denaturating agent solubilizing cell components during homogenization as well 
as endogenous RNases. Phenol acts as a deproteinizing agent but alone retains water with 
dissolved RNA. For that reason, phenol is usually mixed with chloroform which prevents 
this retention and thus facilitates phase separation, a very first step of RNA extraction, 
more sharper. Likewise the phenol, chloroform helps to remove proteins from 
nucleic acids. Chloroform is usually sold as a premixed solution of chloroform and isoamyl 
alcohol, which is added to the chloroform to reduce foaming. 
Describing the RNA extraction, TRIzol homogenates were defrosted and shaken 
vigorously by vortex with 0.2 ml of chloroform:isoamyl alcohol (24:1) for 15 seconds. 
These mixtures were incubated at room temperature for 3 min and centrifugated at 
12 000 g for 15 min at 4 °C. After centrifugation, RNA remains in the aqueous phase, 
where DNA is found in the white interphase and proteins are extracted to the red-colored 
organic phase. To separate DNA, RNA, and proteins into different phases, an extraction 
has to be carried out under acidic conditions. The phosphate groups on DNA become in 
this pH uncharged by protonation and DNA partitions into the organic solvent. 
On the contrary, RNA is kept in aqueous phase because its bases are exposed and form 
hydrogen bonds with water, although its phosphate groups are protonated as well. 
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Denaturated proteins are soluble in the organic phase. The upper aqueous layer containing 
RNA was removed to a new tube and RNA was precipitated by adding 0.5 ml of 
isopropanol at room temperature. Even at low concentrations, isopropanol quickly 
precipitates RNA from the solution. Co-precipitation of salts can be partially avoided by 
using room temperature isopropanol since increasing temperature enhances salt solubility. 
After the addition of isopropanol, a tube was gently flipped up and down several times and 
incubated for 10 minutes at room temperature. Incubation was followed by 10 min 
centrifugation at 12 000 g at 4 °C during which RNA formed a transparent, gell-like pellet 
at the bottom of the tube. The supernatant was removed by pipetting and RNA resuspended 
in 1 ml of ice-cold 75% ethanol by vortexing. This step was crucial because RNA pellets 
are difficult to dissolve and, in the case of imperfect RNA washing, residual salts chelated 
to RNA would not be washed away. Ethanol is used as the second precipitation agent 
because, unlike isopropanol, evaporates easily without residues and is also more polar 
which makes it a better solvent for RNA and other polar compounds. Thus, ethanol forces 
RNA to precipitate more slowly and the salts tend to stay soluble. The resuspended 
samples were centrifugated at 10 000 g for 10 min at 4 °C and the supernatant discarded. 
At this point, RNA pellets became white and more visible. To remove the supernatant 
completely, the residual droplets on the tube walls were spun down again at 5 000 g for 
1 min at 4 °C and carefully discarded with a pipette. After that, RNA pellets were allowed 
to air dry about 5 min until the last traces of ethanol was evaporated. RNA pellet should 
not over dry, because this will greatly decrease their solubility. The dry pellets were 
dissolved in 30 µl of RNase-free water and held on ice for a while to obtain fully 
dissolved RNA. 
Just as DNA, RNA quality control was performed using Thermo Scientific 
NanoDrop 2000 instrument. Quantification of RNA integrity was not performed. 
An OD 260/280 absorbance ratio of 2.0 is generally accepted as pure for RNA, but it can 
vary depending on the dissolving agent. Samples measured in pure water give 
an OD of about 1.8. Slightly alkaline pH increases the ratio by 0.2–0.3 and on the contrary, 
slightly acidic pH equally decreases the ratio [180]. Partially dissolved RNA has 
an OD 260/280 absorbance ratio < 1.6. However, a ratio of < 1.8 usually indicates 
contaminants absorbing at 280 nm. These are mainly proteins (in particular, with aromatic 
amino acids) that stem from the interface when transferring aqueous phase of 
the TRIzol separation. Proteins remain in the sample also because of an incomplete 
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dissociation of nucleoprotein complexes. Common contamination lowering the ratio comes 
from organic solvents absorbing at 280 nm. An OD 260/230 absorbance ratio is the second 
criterion for RNA purity. A ratio of 2.0-2.2 generally means a pure RNA. 
A low 260/230 absorbance ratio indicates salt, e.g. guanidine isothiocyanate, or other 
contaminants which absorb at 230 nm. Phenol present in Trizol influences both ratios, 
as in the ultraviolet light it has two absorption peaks at 230 nm and 270 nm. 
To exclude the potential contamination with DNA, RNA samples may be treated with 
deoxyribonuclease. It is because both RNA and DNA have a similar absorption profile 
with a maximum at 260 nm, and hence their presence in the sample can be reliably 
distinguished only by an agarose gel electrophoresis. 
 
3.6 Measurement of Relative Telomere Length  
There are currently several approaches to measure absolute or relative telomere 
length in cellular DNA. A modified Southern Blot of telomere restriction fragments was 
the first technique to measure a mean TL [181]. Flow cytometry combined with fluorescent 
in-situ hybridization (flow FISH) quantifies average TL in specific 
populations of cells [182]. In contrast to the telomere restriction fragment and flow FISH 
analyses, PCR-based single telomere length analysis called STELA determines 
the length of telomere regions from individual chromosomes [183]. Relative qPCR-based 
techniques for TL measurement, used in this study, are described in sections below. 
The absolute qPCR method is based on the original relative qPCR method developed by 
Cawthon and uses an oligomer standard [184,185]. Apart from flow FISH, all described 
analytical methods start with genomic DNA. 
In this study, the RTL was estimated by using two different qPCR-based methods; 
the qPCR and the multiplex quantitative polymerase chain reaction (MMqPCR). 
Both these methods were adapted from Cawthon [186]. The former method was in our 
laboratory newly adopted in collaboration with the research group of 
prof. RNDr. Marie Korabečná, Ph.D., Institue of Biology and Medical Genetics, 
First Faculty of Medicine, Charles University and General University Hospital in Prague. 
This method, described in detail in their article by Zinková et al. [187], was the main one 
and used for the measurement of all the samples. The second method was MMqPCR, 
which operates successfully in laboratories of our collaborative research group of 
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Molecular Genetic Epidemiology headed by prof. dr. Kari Hemminki in German Cancer 
Research Center based in Heidelberg, Germany, and is well described in their article by 
Hosen et al. [188]. Despite all our efforts, method implementation in our laboratory proved 
to be more problematic than in the case of the traditional qPCR method used by the team 
of prof. Korabečná. For this reason, a part of the samples was at least measured by our 
co-workers in Heidelberg and provides a good comparison with the results obtained by 
qPCR. In the diploma thesis, we publish the original method manual as it was used for 
the analysis of the samples. Using the MMqPCR analysis was for a long time preferred due 
to its 384 well plate format. Employing a 384 well plate makes this approach less time 
consuming and also cheaper because the instrument is capable of assaying more samples in 
parallel and the reaction is adapted to smaller overall volume. In addition to that, 
multiplexing provides more precise comparative analysis, because the amplification 
reactions are performed in the same well and thus use the exact same amounts of 
DNA pipetted. Even when in our research group the reaction conditions are still not 
optimized, we believe that the MMqPCR method will be established in the future.  
One, as well as the other method of RTL measurement, was performed using 
a ViiA 7 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). 
To measure RTL, the relative quantity of telomere amplification products was normalized 
with reference single copy gene products. Obtained relative telomere/single-copy gene 
ratio, calculated from cycle threshold (Ct) values using a ΔΔCt method, was proportional 
to the average TL of all the cells in the sample.  
 
3.6.1 Quantitative Polymerase Chain Reaction  
The quantitative polymerase chain reaction, also referred to as real-time PCR 
reaction, is a technique developed for either absolute or relative DNA quantification. 
Using the fluorescent dyes, the quantity of DNA generated in the exponential phase of 
the amplification is proportional to the amount of fluorescence measured. 
Compared to qPCR, a conventional PCR detects amplified product at the endpoint of 
the PCR reaction and serves for analyzing the DNA presence or simple 
DNA amplification. 
The qPCR reaction ran in a 96 well format, MicroAmp Fast Optical 96-Well 
Reaction Plate (Life Technologies, Carlsbad, CA, USA) and it was designed to measure 
a total of 14 samples per run. Samples originating from the same patients were measured 
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within one plate. Each reaction plate included samples, negative controls, and 
interplate/intraplate calibrator. All reaction wells consisted of 24 µl of the reaction mixture, 
containing a DNA polymerase, primers, deoxyribonucleoside triphosphates (dNTPs), 
MgCl2, buffer, passive reference dye, and reporter dye, and 1 µl of DNA sample diluted 
with double-distilled water to a concentration of 5 ng/µl. Targets – reference 36B4 gene, 
encoding acidic ribosomal phosphoprotein P0, and telomere sequences – were amplified 
separately in triplicates, one sample thus accounted for six wells. A five-point standard 
curve, indicating the efficiency of the primers, was created through a 2-fold serial dilution 
of the standard stock sample with three replicates at each point. Wells intended to standard 
curve measurement were set up using 24 µl of a reaction mixture and 1 µl of a standard. 
The DNA amount ranged between 17 ng to 1.0625 ng per well. The negative control, 
showing if contamination of PCR experiment or primer-dimer artifacts occurred, was set 
up identically to the PCR reaction, but instead of the template DNA, 1 µl of sterile water 
was added. The negative control was analyzed in one well for telomere and one well for 
single-copy gene. To assess the interplate and intraplate variability of threshold cycle 
values, 17 ng input of standard DNA was used and measured in triplicates in each 
qPCR run. Prepared reaction plate was sealed with adhesive PCR plate seal. 
Before the PCR reaction, the plate was briefly centrifuged at 200 rpm for a few seconds 
and directly processed.  
 
The qPCR reaction was performed by using PowerUp SYBR Green Master Mix 
(Life Technologies, Carlsbad, CA, USA). It is universal, for the fast cycling formulated 
solution of all reagents required for PCR, except for the primers and the DNA template. 
The master mix contains Dual-Lock Taq DNA Polymerase, SYBR Green dye, 
ROX (6-carboxy-X-rhodamine) passive reference dye, dNTPs with deoxyuridine 
triphosphate/deoxythymidine triphosphate blend, heat-labile uracil-DNA glycosylase and 
buffer components including magnesium ions. The reaction mixture for one 96 well format 
was assembled as follows: the telomere reaction mixture contained 
336 µl of double-distilled water, 600 µl of the master mix, 108 µl of 10 µM primer Tel1 1b 
and 108 µl of 10 µM primer Tel1 2b. The 36BD reaction mixture 
contained 480 µl of double-distilled water, 600 µl of the master mix, 
36 µl of 10 µM primer 36B4u and 36 µl of 10 µM primer 36B4d. The components of 
the reaction mixture are, one after the other, described in the following paragraphs. 
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Using the hot start Dual-Lock Taq DNA Polymerase allowed reaction set up at 
room temperature and preparing PCR plate up to 72 hours before cycling. 
The polymerase is completely inactive until the initial heat activation step 
at 95 °C for 2 min. Besides common dNTPs, the polymerase can also incorporate and read 
through non-standard nucleosides such as deoxyuridine and deoxyinosine. 
Heat-labile uracil-DNA glycosylase is a recombinant enzyme preventing 
the reamplification of carryover PCR products in a new PCR reaction. The enzyme is 
activated at 50 °C and starts to cleave the uracil bases, which were incorporated into DNA 
in previous PCR reaction instead of thymidine bases (by substituting deoxyuridine 
triphosphate for deoxythymidine triphosphate in the master mix), misincorporated by DNA 
polymerase or arisen due to deamination of cytosine. DNA with such apyrimidinic sites is 
very labile and undergoes spontaneous hydrolysis, while the DNA template containing 
thymidine bases remains intact and can be used for subsequent PCR amplification. 
Uracil-DNA glycosylase inactivation is typically mediated by the consecutive heating 
at 95 °C for 10 min. The enzyme does not show activity on RNA. 
The qPCR product was visualized by SYBR Green, an intercalating cyanine dye 
commonly used in qPCR. It attaches the minor groove of dsDNA and after 
the denaturation step again releases. When bound to dsDNA, SYBR Green fluorescences 
with an emission maximum of 521 nm. Single-stranded DNA is stained with about 
11-fold lower performance [189]. Another dye used in the experiment was ROX, a passive 
reference dye designed to normalize fluorescence intensity of reporter dye (in this case 
SYBR Green) in qPCR. It provides a constant fluorescence signal during the amplification 
and helps to balance well-to-well differences caused by artifacts. The presence of ROX 
does not impact the PCR reaction results. The emission intensity of the reporter dye 
divided by the emission intensity of the passive reference dye is the normalized reporter 
(Rn) ratio. This value indicates the magnitude of the fluorescent signal generated 
continuously during the PCR. Plot ΔRn, which is the difference between the background 
fluorescence (i.e. baseline) Rn- and the reaction signal Rn+, against the cycle number is 
called an amplification plot and correlates with the synthesized DNA amount. 
Deoxyribonucleoside triphosphates are building blocks of newly synthesized DNA. 
According to the template, DNA polymerase integrates the complementary dNTPs 
(deoxyguanosine triphosphate, deoxycytidine triphosphate, deoxythymidine triphosphate, 
and deoxyadenosine triphosphate) and in certain cases also the base analogs. 
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Each of them is made up of a nitrogenous base, deoxyribose sugar, and phosphate group. 
For the PCR reaction, the dNTPs are typically supplied in equimolar concentrations. 
Their excess may result in Mg ions chelation, thus interfering with polymerase activity and 
decreasing primer annealing. As for lower amounts, they usually decrease PCR yield, 
however with possible enhancement of the product specificity. 
A deoxyuridine triphosphate/deoxythymidine triphosphate blend, present in PowerUp 
SYBR Green Master Mix, enables deoxyuridine triphosphate incorporation into 
PCR amplicons and also uracil-DNA glycosylase activity. 
Magnesium ions function as cofactors at the polymerase active site, which implies 
that they directly affect its processivity and fidelity. During polymerase synthesis, one 
Mg ion coordinates the 3' hydroxyl group of the terminal dNTP, allowing a nucleophilic 
attack of 3' oxygen on αP of incoming nucleotide. In the transition state, other Mg ion 
ensures the stability of this state and neutralizes the negative charge on the pyrophosphate 
leaving group. This event leads to the subsequent phosphodiesther bond formation and 
the pyrophosphate release. Additionally, the Mg ions shield the negatively charged 
phosphodiester backbone, thereby decrease the electrostatic repulsion between 
DNA strands. This enables the formation of the complex between DNA templates and 
primers, which will not otherwise be stable. For that reason, an optimal concentration of 
MgCl2 is crucial to the PCR reaction progress, because the high concentration favors 
an increased PCR yield at the expense of specificity. 
 
To detect a single copy gene 36B4 and telomere sequences, two sets of primers 
(both from Sigma-Aldrich, St. Louis, MO, USA) having a similar annealinng temperature 
were used. Primers for 36BD amplification were chosen according to Cawthon and Boulay 
et al., primers for telomere amplification were chosen according to 
Gil and Coetzer [186,190,191]. Primer sequences are: 
Forward 36B4 primer 36B4u 5'-CAGCAAGTGGGAAGGTGTAATCC-3' 
Reverse 36B4 primer 36B4d 5'-CCCATTCTATCATCAACGGGTACAA-3' 
Forward telomere primer Tel 1 1b 5'-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′ 
Reverse telomere primer Tel 1 2b 5'-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3' 
All primers were diluted to obtain 10 µM working solutions. 
The final concentrations of primers used in the reaction were 300 nM for the 36B4 gene 
and 900 nM for telomeres. Available literature does not specify the design of 
primers closer. For 36B4 amplification is known only that primers binding the 36B4 
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sequence produce a 74 base pairs product. As for telomere amplification, telomere primers 
are made up of repeating patterns exhibiting mismatch in every sixth base. 
This design likely allows DNA polymerase to add bases from the 3' end of the primer only 
when it is hybridized to genomic DNA, not to another primers. Both primers can anneal to 
any partially complementary telomeric repeat, but the last 6 bases on their 5' ends and 
the telomere sequences do not pair. The complement sequences of these non-pairing bases 
are subsequently generated at the 3' ends of all qPCR products and, therefore, those 3' ends 
are blocked from initiating DNA synthesis in the middle of telomere amplicons. 
 
The standard curve and the interplate calibration were established using a reference 
DNA sample. This standard consists of DNA pooled from 30 individuals, 15 females and 
15 males hospital volunteers. The target group enrolled healthy, middle-aged adults 
spanning from 41 to 55 years of age. People who had experienced cancer in the past were 
not included in the study. Recruitment of participants and collection of blood samples took 
place at Faculty Hospital Kralovské Vinohrady, Prague in 2013. DNA of selected people 
was isolated from the whole blood using the same DNA extraction and the DNA 
concentration measurement methods as described in chapter 3.4. Isolated DNA was diluted 
to 20-25 ng/µl, pooled together and adjusted to a final concentration of 17 ng/µl. 
 
The reaction conditions were identical for both targets, a qPCR instrument ran in 
fast mode. The initial denaturation step (also called hold stage) of template DNA was 
performed at 50 °C for 2 min and 95 °C for 2 min. This stage is also necessary for 
Dual-Lock Taq DNA Polymerase and uracil-DNA glycosylase activation. 
DNA amplification occurred by repeated denaturation, annealing and extension steps ran 
through 40 cycles of qPCR at 95 °C for 30 sec and 54 °C for 1 min. Specificity of 
the qPCR products was, after the qPCR cycling, assessed by melting curve (also called 
dissociation curve) analysis. Using the default settings, the assay began at 95 °C for 15 sec 
and decreased to 60 °C for 1 min. With the continuous signal acquisition, the temperature 
was rising at a rate of 0.05 °C/sec to 95 °C, where remained for 15 sec. For all other 





The calculation of amplification efficiency (E) was based on the slope of 
the standard curves (depicted in figure 7), using the equation: E = -1 + 10(-1/slope), 
and evaluated by Viia7 software. The high efficiency, which was 97 % for telomeres and 
101 % for 36B4, means that the Ct values are proportional to the corresponding product 
concentrations (as the target sequence double during each replication cycle). It verifies that 
the PCR data are accurate and common mistakes as pipetting errors, the presence of 
contaminants, the secondary structures formation, incorrect primer design, etc., 
can be excluded.  
 
 
Figure 7. Representative standard curves of telomeres and 36B4 gene. Standard curves 
were generated from average Ct values of different standard concentrations, and are displayed 
using a linear regression model. The linearity of the standard curve is indicated by the correlation 
coefficient (R2), which is a measure of linear association around a line. In particular assays, 
R2 ≥ 0.990 was required. The slope of the regression line, representing the rate of change in y as x 
change, close to -3.320 is considered optimal, indicating that the PCR reaction has 
100% efficiency. The error is the standard error of the regression and refers to the average distance 
that the observed values scatter around the fitted regression line. A regression line has an equation 
of the form Ct = m [log (Qty)] + b, where m is the slope, Qty is the standard quantity and b is 






The inter-assay coefficient of variation (CV) was calculated from 
the 17 ng standard sample measured on each plate in triplicate, intra-assay CV was 
calculated from each sample within the plate. The coefficient of variation is dimensionless 
quantity defined as the ratio of the standard deviation of a set of measurements to the mean 
of the set. The interplate CV, describing the data consistency between the plates, was 1.03 
% for single-copy gene and 1.92 % for telomeres. Variability of results within the single 
PCR run, examined as the intraplate CV, was for the single copy-gene and telomeres 
0.35 % and 0.24 %, respectively. Within the triplicates, samples with the SD of the average 
Ct ˃ 0.3 were omitted from the analysis and the measurement was performed again in 
an independent run. In case that two replicates were nearly identical and one distant with 
suspected dilution error, the outlier was excluded from the calculations. Melting curves, 
generated after completion of the amplification reaction, determined that homogenous 
amplicons with a single melting temperature were produced. Representative melt curves 
are shown in figure 8. 
 
 
Figure 8. Melting curve analysis of qPCR amplicons. The figure displays the negative 
first derivative of the change in fluorescence plotted against the temperature. Both amplicons for 
telomeres and 36B4 revealed single peaks (the same melting temperature) indicating specific 
amplification, whereas the presence of multiple peaks would indicate off-target 





3.6.2 Monochrome Multiplex Quantitative Polymerase Chain Reaction 
In contrast to conventional singleplex PCR described in chapter 3.6.1, MMqPCR 
allows the simultaneous amplification of several DNA sequences in the same reaction 
wells. The reaction is time-saving, cost-effective and does require a minimum of starting 
material. For a reason that each target is amplified with a different set of primers, which 
have to be distinguishable one from another, MMqPCR is, however, inherently more 
complicated in its design.  
Regarding the sample preparation procedure, all DNA samples were first 
normalized to a concentration of 5 ng/µl and then (to get less concentrated samples) loaded 
with stepper in a MicroAmp Optical 96-Well Reaction Plate (Life Technologies, Carlsbad, 
CA, USA), which served as a dilution plate. Plate wells consisted of 12 µl of 
double-distilled water and 3 µl of a sample, thus the final DNA concentration was 
approximately 1 ng/µl. Before using, the dilution plate was sealed and shortly spun down 
at < 200 rpm.  
The MMqPCR reaction was carried out in a 384 well format, MicroAmp Optical 
384-Well Reaction Plate (Life Technologies, Carlsbad, CA, USA). Each reaction plate 
included samples, 8 point standard curve, and negative controls. The reaction set-up 
enabled to measure up to 96 samples in parallel. Samples taken from the same patient were 
measured within one plate. Each reaction well contained 8 µl of the reaction mixture, 
consisting of DNA polymerase, primers, dNTPs, MgCl2, buffer, passive reference dye and 
reporter dye, and 1.75 µl of a sample (1.75 ng of DNA). The prepared reaction mixture 
was dispensed to wells using a stepper pipette, samples were added in triplicates afterward. 
Standard curve estimating PCR efficiency and interplate/intraplate variability was 
constructed using eight known concentrations of DNA. These were produced by a two-fold 
serial dilution of standard, conducted in 8 wells strip. Then, 1.75 µl of dilution series was 
transferred with 8 channel automatic pipette in two triplicates to 8 µl of 
the reaction mixture. The amount of DNA was in a range from 30 ng to 0.23 ng per well. 
To exclude contamination of PCR reagents and primer-dimer formation, a negative control 
consisting of 8 µl of reaction mixture without a template, and 1.75 µl of water, was 
pipetted in 9 wells. The prepared reaction plate was sealed and spun down at 200 rpm for 
a few seconds to get all liquid to the bottom of the wells and to remove air bubbles. 




Master mix used in this experiment was 5X HOT FIREPol Probe qPCR Mix Plus 
with ROX (Solis BioDyne, Tartu, Estonia). It is a ready-to-use solution containing all 
components that are not sample-specific: a thermostable HOT FIREPol 
DNA Polymerase (5 U/µl), commercial 5X Probe qPCR buffer, 15 mM MgCl2, dNTPs and 
ROX dye. Only template, primers, and SYTO 9 reporter dye need to be added. 
The reaction mixture for one 384 well format was prepared by adding following regents: 
2262 µl of double-distilled water, 740 µl of master mix, 7.4 µl of 100 µM primer Telg, 
14.8 µl of 100 µM primer Telc, 7.4 µl of 100 µM primer Albugcr2, 
14.8 µl of 100 µM primer Albdgcr2 and 5.5 µl of 1.5 µM SYTO 9. The components of 
the reaction mixture (those which were not already described in the qPCR method, 
chapter 3.6.1) are described in the following paragraph.  
Hot-start qPCR is a type of PCR specially devised to avoid non-specific 
amplification of DNA. It takes advantage of hot start polymerases, that are chemically or 
antibody modified to be unreactive at ambient temperatures. In this experiment, 
HOT FIREPol DNA Polymerase was activated by a 15 min incubation step at 95 °C, 
which allows convenient room-temperature reaction setup. Fluoresce signal reflecting 
DNA amplification was detected by SYTO9 Green Fluorescent Nucleic Acid Stain 
(Life Technologies, Carlsbad, CA, USA). This intercalating reporter dye is an alternative 
to SYBR Green but distinguishes by lower inhibition effect to PCR and high melting curve 
reproducibility [192]. Its excitation/emission spectra are 485/498 nm for DNA. Both ROX, 
used in the experiment as a passive reference dye, and Syto 9 share the same fluorescent 
channel within the qPCR instrument. To identify an optimal dye concentration, several 
2-fold dilutions of 5mM SYTO 9 [5 mM stock solution in (CH₃)₂SO] were tested. 
Some solvents may interfere with the fluorescent signal, thus for the dilution a master mix 
which is compatible with this stain was used. Each concentration of dilution series was 
pipetted in two 10 µl octuplicates. Then, 384 well plate was sealed, vortexed for 5 sec and 
shortly spun down at < 200 rpm. Determination of the optimal concentration was done 
within 5 cycles. The starting temperature ramped up from 25 °C to 60 °C with a 2 min hold 
and ramp rate 1.6 °C per sec. The ideal fluorescence signal was detected 
at 1.5 µM concentration. Using the 1.5 µM concentration, every well of 384 well plate was 
filled with 15 µl of solution. Before loading into the instrument, the plate was processed 
the same way as described above. The temperature setting for custom dye calibration 
was 60 °C, as it should reflect the temperature at which the PCR data collection will 
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be performed. When the dye calibration passed, the obtained results were saved 
in the system. 
 
Two pairs of primers targeting telomeres and human serum albumin gene ALB 
(both from Sigma-Aldrich, St. Louis, MO, USA), which was selected as single-copy 
reference gene, were used in this study. Their sequences were set according to 
Cawthon et al. [186] as follow: 
Forward telomere primer Telg 5'-ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-3'  
Reverse telomere primer Telc 5'-TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA-3' 
Forward ALB primer Albugcr2 5'-CGGCGGCGGGCGGCGCGGGCTGGGCGGCCA-TGCTTTTCAGCTCTGCAAGTC-3'  
Reverse ALB primer Albdgcr2 5'-GCCCGGCCCGCCGCGCCCGTCCCGCCGAGCATTAAGCTCTTTGGCAACGTAGGTTTC-3'  
All primers were diluted to obtain their 100 µM working solutions. 
The final concentration of primers Telg and Albugcr was 200 nM, for Telc and Albdgcr 
400 nM final concentration was used. Because the amplification of both ALB and 
telomeres takes place in the same well, it was desirable to separate it in two diverse 
PCR programs. Primer pairs were manufactured to anneal at different temperatures, and 
also to produce short amplicons with diverse melt temperature (primers for ALB generated 
amplicons with the higher melting temperature than the telomere amplicons). 
The melting temperature increment was facilitated by 5'GC-clamps (non-templated 
sequences) attached to both 5' ends of albumin primers. These guanine/cytosine-rich 
regions were in each primer set mutually different, which reduced the risk of hairpin loop 
formation impeding the polymerase that moves along the template. Since the melting curve 
for ALB and telomere PCR products varied, the instrument could detect the fluorescent 
signal only for one of the targets. 
Describing telomere amplification, telomere repeats at all chromosome ends were 
amplified using forward primer, whereas reverse primer was capable to prime only 
PCR fragments. Priming the native DNA strands was not allowed owing to the mismatch 
base at its 3' terminus. On top of that, reverse primer was designed to prime the forward 
primer extension product at one certain position, other configurations result in a 3' terminal 
base mismatch. This situation was very important, guaranteeing that amplicons of defined 
length (three bases shorter than the sum of the length of both primers) will be generated. 
Primer-dimer formation, highly suspected on the grounds of their repetitive nature, 
was prevented due to introduced mismatches. Primers can share only 3 base pairs overlap 
and this construct is not stable enough to be extended. 
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Standard curves, necessary for evaluation of amplification efficiency and 
intraplate/interplate variability, were generated using a reference sample, a DNA pool of 
30 healthy controls. These individuals with age ranging from 40 to 55 years and with no 
specific sex ratio had no personal history of cancer. All participants have been recruited in 
the ongoing Colorectal Cancer Study of Austria. Preparation of the standard DNA was 
identical to the standard preparation procedure described in qPCR method. 
DNA was isolated from the whole blood, diluted to 20–25 ng/µl, pooled together and 
finally diluted to a concentration of 17 ng/µl. 
 
Telomere sequences and ALB were amplified separately, using two consecutive 
qPCR programs. The thermal cycle conditions for telomere amplification were defined as 
follows: initial denaturation of DNA sample and activation of DNA polymerase was 
accomplished in a holding stage at 95 °C for 15 min. QPCR cycling began with 2 cycles at 
95 °C for 20 sec and 49 °C for 1 min needed to telomere primers annealing and extension. 
To amplify the telomere DNA, the reaction then proceeds with 25 cycles of repeated 
denaturation, annealing and extension steps. These cycles were performed at 85 °C for 
20 sec with signal acquisition at 59 °C for 30 sec. For ALB amplification, a total of 
35 qPCR cycles were performed. These cycles comprised a denaturation temperature of 95 
°C for 15 sec and an annealing/extension temperature of 85 °C for 30 sec with signal 
acquisition at 84 °C for 30 sec. During the denaturation step, the telomere amplicon melts, 
DNA polymerase releases the early-amplified telomere product and is free to copy 
the albumin gene. DNA synthesis at 85 °C is allowed due to DNA polymerase 
thermostability and ability of ALB primers to anneal at such high temperatures. 
Signal acquisition at 84 °C was chosen because at this temperature the telomere product is 
melted, therefore does not interfere with a fluorescence signal from ALB amplicon. 
To assess the specificity of MMqPCR products and visualize possible primer-dimers, 
qPCR cycling was followed by the melting curve (also called a dissociation 
curve) analysis. Performed with the same default settings as in the qPCR method, 
the thermal profile consists of 95 °C for 15 sec, followed by of 1 min at 60 °C. 
From this point, the fluorescence was measured continuously. The temperature was 
elevated to 95 °C with a ramp rate of 0.05 °C/sec and under these conditions, the plate was 
heated for 15 sec. 
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The amplification efficiency of MMqPCR and was calculated alike in the case of 
qPCR from the slope of the regression line in the standard curve, using 
the equation E = -1 + 10(-1/slope). The amplification efficiency of particular assays varied 
from 95 to 102 % and its values were generated automatically by Viia7 software. 
Monitoring of inter-assay CV was allowed by measuring triplicates of standard curve 
dilutions twice in each qPCR run, intra-assay CV was determined from all 
samples within the plate. Interplate variation, an expression of consistency across the 
plates, was 3.37 % for ALB and 3.50 % for telomeres. Intraplate variation, representing 
a variation of results obtained from a single run, was 0.28 % for single-copy gene 
and 0.42 % for telomeres. Triplicate samples with the SD of the average Ct ˃ 0.5 were 
omitted from the study and the sample was measured again in an independent run. 
 
3.7 Relative Telomere Length Calculation  
RTL was expressed as the ratio of telomere repeat copy number to single gene copy 
number and calculated from Ct values using the ΔΔCt method. Ct reflects the cycle 
number at which an amplification curve (representative amplification plot is depicted in 
figure 9) crosses a threshold line. In other words, it states for a point at which a signal in 
the early exponential stage of the reaction is detected. Ct absolute value is affected by 
many factors (e.g. amplification efficiency, master mix components), but in particular by 
baseline. 
During the initial PCR cycles, there is almost no PCR product. At this point, 
the amplification signal is very low and occurs below a fluorescence background. 
The background shows up as a fluctuating signal arising from autofluorescence, 
instrument, etc., and it is used to determine the mean background fluorescence 
(i.e. baseline) across the plate. Baseline correction to zero ΔRn (its subtraction from 
the reaction signal) is necessary for proper interpretation of relative quantities of samples. 
Accurately established baseline has a linear course and in itself stands for the detection 
limit of the instrument. To obtain reliable Ct values, the baseline should be set from 
the 3rd cycle to approximately two cycles before the amplification of the most abundant 
target. Ct value is then automatically placed by software at 10 standard deviations above 





Figure 9. Amplification plots in triplicate of telomeres and 36B4 by qPCR. 
Telomere amplification plots are shown in dark blue, 36B4 amplification plots are shown in 
light blue. ΔRn, which corresponds to the normalized fluorescence signal of the reporter dye, is 
plotted against a number of PCR cycle. Zero ΔRn is called baseline and corresponds to 
the fluorescence intensity of the background. The intersection of the amplification plots with 
the threshold line, set automatically within the linear portion of the curves, gives Ct values, 
used for RTL calculation.  
 
Three Ct results (three for telomeres and three for single-copy gene amplification) 
were obtained for each DNA sample. For RTL calculation, mean Ct of telomeres was 
initially subtracted from mean Ct of single-copy gene and such calculated ΔCt of each 
sample and ΔCt of standard (derived from ΔCts of standard replicates within 
the calibration curve) were then substituted into the formula 2-(∆Ct(sample)-∆Ct(standard), 
giving the final relative telomeres/single-copy gene ratio. A ratio above 1 means that 
the patient has longer telomeres than the reference DNA sample, a ratio bellow 1 means 
that the patient has shorter telomeres than the reference DNA sample. 




x means each value in data set, x̄ means the mean of the set and n means a number of data 
points. Assay CVs were calculated for both targets using the formula CV = 
𝑆𝐷
x ̄
× 100 %. 
Intraplate variability was the mean CV derived from the CVs among individual wells, 
and interplate variability was the CV calculated from the replicate measurements of 
standard sample serving as interplate calibrator.  
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3.8 Measurement of hTERT mRNA Expression 
Levels of hTERT mRNA expression were measured by the quantitative 
reverse-transcription polymerase chain reaction (RT-qPCR). Due to limited available time, 
the measurement was performed only in few samples yet, the study is still ongoing. 
For this reason, the diploma thesis contains only illustrative amplification data from 
a single experiment. 
RNA molecules cannot be amplified directly by qPCR. Therefore, RNA was first 
converted to a complementary deoxyribonucleic acid (cDNA) by reverse 
transcription (RT). Like DNA, an aliquot of the RT reaction was then used as a template 
for qPCR amplification of specific targets (hTERT and two endogenous controls), whose 
quantities correspond to the gene expression, and thus protein levels. 
The RT-qPCR described above is termed as two-step, whereas in one-step reaction, both 
RT and qPCR take place in the same tube. Relative hTERT mRNA levels were normalized 
to reference genes and then, its expression was calculated using the ΔΔCt method, 
as in the case of the TL measurement. As for reference genes, their expression should be 
stable, identical across different cell types and independent on different cell treatments. 
For accurate normalization, RT-qPCR is always conducted by employing more than one 
reference gene, and their usage is considered with respect to the expression stability values. 
 
3.8.1 Reverse Transcription Polymerase Chain Reaction 
Each sample intended for RT consisted of 7.5 µl of the reaction mixture 
(1.5 µl of a buffer, 0.75 µl of reverse transcriptase, 0.6 µl of dNTPs and 1.5 µl of random 
primers and 3.15 µl of RNase-free water) and an equal volume of RNA with 
a concentration of 20 ng/µl. All the components were combined on ice, using RNase-free 
reagents and plastics. Some kits are also supplied with an RNase inhibitor, which binds to 
and neutralizes the activity of RNase superfamily members. In this RT reaction, 
the RNase inhibitor was not applied. 
A two-fold concentrated reaction mixture was prepared by using the High Capacity 
cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA) 
comprising 10X RT Buffer, MultiScribe Reverse Transcriptase (50 U/µL), 
100 mM 25X dNTPs, 10X Random Primers, and RNase-free water. Total RNA intended 
for RT was diluted with RNase-free water and reaction mixture to final concentration of 
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10 ng/µl in 15 µl reaction volume. MultiScribe Reverse Transcriptase is a recombinant 
Moloney murine leukemia virus RNA-dependent DNA polymerase. Random sequences of 
the primers enable them to anneal throughout the entire RNA template. Since RT is 
initiated from non-specific positions, MultiScribe Reverse Transcriptase generates 
single-stranded cDNA molecules of various lengths (7 kilobases or less) produced from 
any species of RNA. Ten-fold concentrated RT Buffer is a commercial buffer maintaining 
a favorable pH environment. It may also contain additives for increasing RT efficiency, 
e.g. ions acting as cofactors. 
Prepared samples were gently mixed, briefly spun down at 2000 x g and loaded 
into the Bio-Rad PTC-200 Thermal Cycler. RT reaction started with 10 min of incubation 
of samples at 25 °C. This temperature was chosen because random primers have typically 
lower melting temperature (~10–15 °C) due to their shorter length.  After the primer 
annealing, samples were heated to 37 °C and DNA synthesis then proceeded within 
1 cycle for 2 h, followed by the subsequent enzyme inactivation at 85 °C for 5 min and 
cooling at 4 °C holding temperature. Generated single-stranded cDNA was used directly as 
a template in the qPCR step. 
 
The qPCR reaction was carried out in a 96 well format, using MicroAmp Optical 
96-Well Reaction Plate (Life Technologies, Carlsbad, CA, USA), allowing measurement 
of up to 9 samples and 1 healthy control without a personal cancer history in parallel. 
For all assembled 20 μl qPCR reactions was included 18 µl of reaction mix consisting of 
AmpliTaq Gold DNA Polymerase, dNTPs (with deoxyuridine triphosphate), ROX dye, 
uracil-DNA glycosylase, buffer, particular TaqMan Assay, RNase-free water, and 2 µl of 
2-fold diluted cDNA obtained by reverse transcription (cDNA from 10 ng total RNA) 
to each well. Measurement of transcript levels of test and reference genes has been 
performed separately in triplicates, which implies that one sample was pipetted 
into 9 wells.   
The reaction mixtures for all monitored genes were blended identically and differed 
only in the type of the Taqman assay used. For 96-well plate, each of them was composed 
of 300 µl of TaqMan Universal Master Mix II, with UNG (Life Technologies, Carlsbad, 
CA, USA) consisting of AmpliTaq Gold DNA Polymerase, dNTPs (with deoxyuridine 
triphosphate), ROX dye, uracil-DNA glycosylase and optimized buffer components, 
210 µl of RNase-free water and 30 µl of TaqMan assay matches the gene of interest. 
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Except for TaqMan assays and AmpliTaq Gold DNA Polymerase, master mix components 
were already described in chapter 3.6.1.  
TaqMan assays (Applied Biosystems, Carlsbad, CA, USA) comprise of unlabeled 
pair of primer and probe with a reporter label on the 5' end, a quencher on the 3' end placed 
10–30 bases apart and conjugated minor groove binder. The assay is based on 
the 5' to 3' nuclease activity of Taq DNA Polymerase. While carrying out a TaqMan qPCR 
reaction, the probe and primers, designed to have melting temperature about 10 °C lower, 
bind to the target-specific sequence. This feature enables the probe to bind ahead of time 
downstream of the one of the primer and when the Taq polymerase reaches it, the probe is 
hydrolyzed via its 5' exonuclease activity. As a consequence, the reporter dye is separated 
from the quencher. This event results in an increase in fluorescence which is proportional 
to the amount of the PCR product. In this study, hTERT mRNA expression was analyzed 
by using a human TERT TaqMan Assay (Hs00972650_m1). Human ACTB TaqMan 
Assay (Hs01060665_g1) and human GAPDH TaqMan Assay (Hs02786624_g1) were 
used for the endogenous normalizers. Amplification of cDNA was carried out by 
AmpliTaq Gold DNA Polymerase, which is a chemically modified form of AmpliTaq 
DNA Polymerase provided in a complex with a thermolabile, neutralizing antibody, 
which blocks its polymerase activity until the pre-PCR 95 °C heat activation step. 
The 5' to 3' nuclease activity of the polymerase also enables cleavage of the TaqMan probe 
during the PCR. 
The reactions were performed on the Applied Biosystems 7500 Real-Time 
PCR System. Thermocyclicling conditions consisted of initial uracil-DNA glycosylase 
activation at 50 °C for 2 min, followed by DNA polymerase activation and coincident 
uracil-DNA glycosylase within 2 cycles at 95 °C for 10 min. The polymerization reaction 
was repeated in 40 cycles of denaturation at 95 °C for 15 sec, annealing at 60 °C for 1 min 
and extension steps. Fluorescence was measured in each cycle at the end of 
the 60 °C segment.  
The intraplate variation was 0.37 % for hTERT, 0.64 % for GAPDH and 0.43 % 
for ACTB. Because the thesis contains only the data from one qPCR reaction, interplate 
variation was not calculated yet. Technical replicates with the SD of the average Ct ˃ 0.5 




3.9 Relative hTERT mRNA Expression Calculation 
The relative quantity of amplified hTERT cDNA was calculated from Ct values 
using the ΔΔCt method. Because the relative mRNA gene expression was calculated the 
same way as RTL (for detailed description proceed to chapter 3.7), the following text only 
briefly summarizes the ΔΔCt method. The calculation procedures of SD and CVs are given 
in chapter 3.7, too. 
In short, relative gene expression calculation was based on expression levels of 
a target gene (hTERT) versus two reference genes (GAPDH, ACTB). Ct means obtained for 
each of these genes were used to calculate the relative difference between the target gene 
and the reference genes using the formula ∆Ct = Ct mean (hTERT) - Ct mean (reference 
genes). ∆Ct of samples and ∆Ct of the control were substituted into the formula 
2-(∆Ct(sample)-∆Ct(control) to calculate a relative hTERT gene expression. Relative gene 
expression ˃ 1 means that the gene is upregulated compared to control, relative gene 
expression < 1 means that the gene is downregulated compared to control. 
 
3.10 Statistical Methods 
Statistical analyses were performed using Statistical Analysis System software 
(SAS Institute Inc., Cary, NC, USA). The whole data set and study groups were evaluated 
using primary statistical parameters such as mean, standard deviation, variance, median, 
interquartile range, minimum and maximum.  
Differences between independent groups on one continuous dependent variable 
were established by using a two-samples Wilcoxon test, which uses the standard normal 
distribution (Z) value to test of significance. The strength and 
direction of the association between two variables were tested by the Spearman's 
rank-order correlation method and linear regression. The measure of linear relationship 
between two variables was evaluated using Spearman's rank correlation coefficients (ρ). 
To test for differences between the factor level means within study groups was used 
repeated-measures analysis of variance (ANOVA). A non-parametric alternative to 
repeated measures ANOVA is Friedman's test used to examine the differences between 
groups when the dependent variable is ordinal. The F value, used in ANOVA, refers to 
variation between sample means. Friedman statistic χ2 indicates a variance 
57 
 
over the mean ranks. The overall survival rate was estimated using Kaplan-Meier analysis. 
The effect of TL on overall survival was analyzed using the log-rank test and 
the Gehan-Wilcoxon test. The cut-off point, determined by the log-rank test, with the most 
significant splint met the condition of the maximum Cox score criterion. The scores were 
generated from the Cox-hazard regression model. In all statistical analyses, the level of 
significance α was set at 0.05. Probability value (P) determines statistical significance and 
represents the chance the results occurred at random. In this thesis, we refer to statistically 



























4.1 Comparison of qPCR and MMqPCR Methods for Telomere Length 
Measurement in Patients Suffering from Colorectal Cancer  
The Spearman's rank-order correlation method was used to analyze 
the correlation between the TL measured by qPCR and MMqPCR (table 3) in patients 
with CRC. In each analysis, only those patients that have RTL measured by both methods 
were included. In all the following statistical analyses, only the RTL data determined by 
the qPCR method were used. 
 
Table 3. Correlation of qPCR and MMqPCR methods between the samplings. 
The 1st samplings were drawn at the moment of cancer diagnosis. The 2nd, 3rd and 4th samplings 
were drawn at 6-month intervals during a course of the treatment (see chapter 3.1). 
Sampling  Correlation coefficient ρ Probability value P Number of patients N 
1st 0.533 <0.001 131 
2nd 0.352 <0.001 124 
3rd 0.418 0.001 58 
4th 0.929 0.003 7 
 
Spearman correlation coefficient ρ in the 1st sampling equaled to 0.533 
(P < 0.001, N = 131) indicates that there is a positive relationship between the used assays. 
In the 2nd sampling (ρ = 0.352, P < 0.001, N = 124) and the 3rd sampling (ρ = 0.418, 
P = 0.001, N = 58), a positive relationship between the assays used for RTL measurement 
was retained. A highly positive relationship was found in the 4th sampling (ρ = 0.929, 
P = 0.003, N = 7), but it was estimated only for a small data set. The correlation between 
the calculated TL from qPCR and MMqPCR was also tested by linear regression analysis. 
This correlation was strong (R2 = 0.901, P < 0.001) in the 1st sampling, figure 10.  
All p-values were < 0.05 and thus considered significant. As a result, the both 





Figure 10. Correlation between qPCR and MMqPCR assays in the 1st sampling by 
linear regression analysis. The linear regression analysis showed a strong linear relationship 
between the RTL values from qPCR and MMqPCR (N = 131). The equation corresponding to 
the linear regression, correlation coefficient R2, and probability value P are presented in the box. 
 
4.2 Associations between Telomere Length and Age of Colorectal 
Cancer Patients 
The mean age (± SD) at which the patients were diagnosed was 66.40 ± 10.68. 
The relationship between TL and age was estimated using the Spearman's rank-order 
correlation method. The results obtained   by correlating age with the RTL measured in 
the 1st sampling, i.e. before cancer treatment (ρ = 0.721, P = 0.027, N = 172) show 
significant positive relationship. It appears that longer telomeres were associated with 
a moderately increasing age. Further, the correlation between the TL and age was tested by 
linear regression analysis, but no linear relationship between these variables was found 
(R2 = 0.171, P < 0.001 in the 1st sampling, figure 11). These results may suggest that in 
colorectal cancer-affected individuals, the TL does not correlate with age.  
There was also no statitically significant difference in the TL between the groups 
(</> 66 years) formed by splitting the data set according to the median age (Z = 0.20, 
P = 0.844, N(< 66 years) = 77, N(> 66 years) = 95 in the 1st sampling). 
The results suggest that younger individuals diagnosed with CRC have no statistically 
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significant difference in TLs compared to older individuals. The groups were compared by 
using two-samples Wilcoxon test.  
 
 
Figure 11. Correlation between RTL and age in the 1st sampling by linear regression. 
The linear regression analysis showed no linear association between the RTL and age (N = 172). 
The linear regression equation, correlation coefficient R2 and probability value P are presented 
in the box. 
 
4.3 Sex-Specific Associations with Telomere Length in Colorectal 
Cancer Patients 
A comparison of the RTL of male (mean ± SD: 0.89 ± 0.37, N = 109 in 
the 1st sampling, and 0.83 ± 0.36, N = 102 in 2nd sampling) and female CRC patients 
(mean ± SD: 0.84 ± 0.34, N = 63 in the 1st sampling, and 0.89 ± 0.35, N = 56 in 
the 2nd sampling) showed that between them there was no significant difference. 
Shorter TL was in the 1st sampling (i.e. before cancer treatment) a bit more pronounced in 
women, while in the 2nd sampling (during cancer treatment) in men. 
However, the differences were not statistically significant (Z = -0.61, P = 0.546 in 
the 1st sampling, and Z = 0.95, P = 0.348 in the 2nd sampling; two-samples Wilcoxon test). 




4.4 The Effect of Smoking on Telomere Length in Colorectal 
Cancer Patients 
The RTL of patients who were classified as smokers (mean ± SD: 0.85 ± 0.36, 
N = 35 in the 1st sampling, i.e. before cancer treatment, and 0.83 ± 0.29, N = 37 in 
the 2nd sampling, i.e. during cancer treatment) was moderately shorter than that of 
non-smokers (mean ± SD: 0.90 ± 0.35, N = 127 in the 1st sampling, and 0.88 ± 0.37, 
N = 115 in the 2nd sampling), but there was no statistically significant difference between 
the groups (Z = -0.73, P = 0.469 in the 1st sampling, and Z = -0.44, P = 0.661 in 
the 2nd sampling; two-samples Wilcoxon test). A statistically significant difference 
between the TL of smokers and non-smokers was not found. 
 
4.5 Telomere Length and Its Association to Tumor Location in Colorectal 
Cancer Patients 
The peripheral blood lymphocyte TL of the CRC patients was also investigated in 
the relation to the primary tumor origin; i.e. in the proximal colon (N = 13), distal colon 
(N = 31) or rectum (N = 29) (figure 12). The difference between the groups 
(F = 2.35, P = 0.103), as well as the groups/time course interaction (F = 1.09, P = 0.366), 
was not significant, although the TL showed a tendency to shortening over time. 
These associations were tested using repeated-measures ANOVA. The shortest PBL RTL 
(mean ± SD: 0.77 ± 0.31 in the 1st sampling, i.e. before cancer treatment) was observed in 
the patients with proximal colon cancer relative to the distal colon (mean ± SD: 1.00 ± 0.40 
in the 1st sampling) and rectal (0.92 ± 0.32 in the 1st sampling) cancer patients. 






Figure 12. Changes in RTL between the samplings according to the site of 
the primary tumor origin. Plots represent mean RTL values, vertical bars denote 0.95 
confidence intervals. The 1st samplings originate from the time of cancer diagnosis. 
The 2nd and 3rd samplings were drawn at 6-month intervals during cancer treatment 
 
4.6 Association of Telomere Length with Type 2 Diabetes Mellitus in 
Colorectal Cancer Patients 
The TL was compared in diabetic and non-diabetic patients using a two-samples 
Wilcoxon test. There was no significant difference in TL in diabetics (mean ± SD: 
0.89 ± 0.33, N = 36 in the 1st sampling, i.e. before cancer treatment) and non-diabetics 
(mean ± SD: 0.86 ± 0.36, N = 136 in the 1st sampling; Z = 0.59, P = 0.553). 
 
4.7 Telomere Length at Different TNM Stages of Colorectal Cancer  
When analyzing TNM stages in relation to TL by the Wilcoxon two-samples test, 
there was no statistically significant difference noted between the early (stage 0 + I + II, 
N = 47) and advanced (stage III + IV, N = 27) TNM groups (Z = 0.09, P = 0.280 in 
the 1st sampling, i.e. before cancer treatment, Z = 0.28, P = 0.780 in the 2nd sampling, i.e. 
6 months after diagnosis, and Z = 0.22, P = 0.823 in the 3rd sampling, i.e. 1 year 
after diagnosis) of CRC patients. However, the patients were found to have a consistent 
decreasing trend in TL over time (figure 13). Due to a low number of participants, 





Figure 13. RTL changes of patients with early and advanced TNM stages over time. 
The 1st samplings were drawn from newly diagnosed patients before the start of treatment. 
The 2nd and 3rd were collected at 6-month intervals during treatment. Box and whisker plot displays 
the median, 25th−75th percentiles (box limits) and maximum and minimum RTL values (whiskers). 
Open circles represent outliers.  
 
4.8 Telomere Length and Microsatellite Stability Status in Colorectal 
Cancer Patients 
The association of TL with microsatellite instability was tested as well. The mean 
TL value in MSS patients was 0.88 ± 0.35 in the 1st sampling, i.e. before cancer treatment 
(N = 120), and 0.87 ± 0.34 in the 2nd sampling, i.e. during cancer treatment (N = 115). 
In MSI patients, the mean TL value was 0.81 ± 0.29 in the 1st sampling (N = 23), and 
0.71 ± 0.26 in the 2nd sampling (N = 16) patients. The two-samples Wilcoxon test showed 
no significant difference between the groups (Z = 0.27, P = 0.547 in the 1st sampling, and 
Z = 0.04, P = 0.084 in the 2nd sampling). However, in the 2nd sampling, the difference was 
more pronounced. The results suggest that the TL in MSS and MSI CRC patients 








4.9 Role of Telomere Length in Predicting the Response to Therapy 
Among Patients with Colorectal Cancer 
Repeated measures ANOVA test did not revealed any significant difference 
between the TL of good (N = 29) and poor (N = 8) CRC therapy responders (F = 0.49, 
P = 0.489), together with no significant interaction between the time and the groups 
(F = 1.32, P = 0.274, see figure 14). However, poor responders of patients with CRC had 
on average longer PBL RTL in the 1st sampling (1.15 ± 0.29) and the 2nd sampling 
(1.01 ± 0.25) compared to good responders (mean ± SD: 1.00 ± 0.33 in the 1st sampling 
and 0.82 ± 0.30 in the 2nd sampling, respectively). To sum up, it appears that the TL in 
poor therapy responder does not differ significantly from good therapy responders. 
However, in both analyzed groups, it was observed a decreasing trend in the TL over time 
 
 
Figure 14. RTL changes in samples from good a poor therapy responders over time. 
The graph shows a plot of mean RTL values taken versus particular samplings. The 1st samplings 
were drawn from the patients before initiation of treatment. The 2nd and 3rd samplings were drawn 









4.10 Effect of Neoadjuvant Therapy on Telomere Length in Rectal 
Cancer Patients 
The effect of cancer treatment on TL was investigated in rectal cancer patients who 
received or did not receive neoadjuvant therapy. Two-samples Wilcoxon test confirmed 
that after starting neoadjuvant therapy, the patients' (N = 39) RTL did not significantly 
differ from those without neoadjuvant therapy (N = 24; Z = 0.06, P = 0.949 in 
the 2nd sampling). The RTL of patients did not differ substantially before (mean ± SD: 
0.86 ± 0.32, N = 33 in the 1st sampling) and after (mean ± SD: 0.82 ± 0.32, N = 39 in 
the 2nd sampling) the neoadjuvant therapy. 
 
4.11 Longitudinal Changes in Telomere Length in Colorectal 
Cancer Patients 
The TL was also investigated to record its change within the same individuals 
over time. A comparison of the repeated measures (the 1st, 2nd and 3rd sampling) was 
performed using the Friedman's test showing a significant, time-dependent effect on 
telomere shortening (χ2(2) = 17.59, P = 0.0002, N = 74), the 4th sampling was excluded 
from the analysis. Figure 15 illustrates the effect of time on the TL attrition. 
The results indicate the presence of decreasing trend in the TL observed from the date of 
CRC diagnosis (the 1st sampling) to 1 year after this event (the 3rd sampling). 
 
 
Figure 15. The effect of time on telomere shortening. The plot shows the means and 
0.95 confidence interval bars of RTL in the 1st, 2nd and 3rd sampling (0 – 1 year after diagnosis). 
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4.12 The Overall Survival Rate of Colorectal Cancer Patients 
The 5-year survival probability calculated on the basis of TLs measured in 
the 1st sampling, i.e. before treatment (N = 119, patients diagnosed < 31. 12. 2013) was 
0.756 ± 0.049. Quartile distribution showed that the patients in the 1st quartile (N = 28), 
having the shortest RTL (< 0.82), had the highest 5-year survival rate (79%) followed by 
the patients in the 2nd (76%, N = 25) 3rd (71%, N = 27) and the 4th (71%, N = 27) 
quartile (see table 4, and Kaplan-Meier survival curve depicted in figure 16). 
However, a significant difference in 5-year survival distribution between these groups 
was not revealed either by log-rank (χ2(3) = 0.094, P = 0.993) or by 
Wilcoxon test (χ2(3) = 0.43, P = 0.935). A cut-off RTL value, the point with the most 
significant split, was set at 1.40. Both log-rank (χ2(1) = 0.45, P = 0.504) and Wilcoxon test 
(χ2(1) = 0.55, P = 0.457) did not shown a significant difference between the two groups 
(RTL < 1.40, N = 96 and RTL ˃ 1.40, N = 11).   The results suggest that any phenotypic 
variation in the TL does not significantly impact the 5-year survival of CRC patients. 
 
Table 4. Overall 5-year survival of patients according to quartiles of RTL. 
Twelve observations with invalid time, censoring, or strata values were deleted. SE is the standard 
error of the estimated survival. 
Number of quartile Number of patients RTL [-] 5-year survival ± SE 
1st  28 < 0.82 0.791 ± 0.084 
2nd  25 0.82-1.00 0.758 ± 0.112 
3rd  27 1.00-1.24 0.711 ± 0.113 







Figure 16. The 5-year survival curves by RTL quartiles of RTL measured in 
the 1st sampling. The first quartile has the lowest RTL. Circles represent the time when the patients 
was censored. 
 
4.13 Expression of hTERT mRNA in Colorectal Cancer Patients 
The analysis of hTERT mRNA expression in CRC patients has been performed 
only in a limited number of PBL samples and the results are incomplete at present. 
Hence, the following graph shows the results obtained only from one qPCR assay. 
The samples are from the 1st sampling (the time before treatment) and were 
chosen at random. 
When speaking about this particular assay, hTERT mRNA was detected in all 
PBL samples, control included (figure 17), and hTERT mRNA expression levels were 
approximately 1.5–5.6 fold lower in colon cancer cases (two patients with proximal colon 
cancer and five patients with distal colon cancer) than in a healthy control with no history 
of a previous malignancy. However, the result from measuring the repeated samples drawn 
during the cancer treatment are not available, yet. It can be assumed that changes in 
the hTERT mRNA expression and possible telomerase upregulation during the treatment 





Figure 17. Expression of hTERT mRNA gene in patients from the 1st sampling. 
The hTERT mRNA was reversely transcribed, quantified by qPCR, and its levels were 
normalized to the control sample.   Relative hTERT mRNA expression bars of patients with 
proximal colon cancer are indicated in red, of patients with distal colon cancer are indicated 






















Considering the high prevalence of CRC, a relatively poor survival rate and the 
impact on a person's quality of life, there is a strong demand to find novel clinical 
biomarkers. In several studies, PBL TL was proposed as a potential biomarker for CRC 
risk, diagnosis, and prognosis. However, most of these studies bring inconsistent outcomes 
in general, which suggest that the relationship between TL and CRC is complex and can be 
potentially affected by a particular molecular phenotype, cancer site, histology, and other 
factors. Ultimately, the employment of different methods of RTL measurement or different 
pre-analytical conditions may lead to a distortion of RTL results [193]. The RTL can be 
affected by blood and the DNA storage methods, DNA treatment, and different 
experimental methods for DNA extraction [194–197]. Moreover, the study conducted by 
Dlouha et al. reported that even a slight DNA degradation leads to false RTL results [156].  
Apart from the fact that available studies are often based on a small number of 
incident CRC patients, which limits an ability to detect minute effects on the TL, 
the results originate from ethnically different populations and thus may not be applicable 
across all races and ethnicities [198]. Beyond that, the studies often include samples only 
from one-time point. This study, though it comprises 193 Czech patients, was very 
beneficial especially because it investigated the association of the TL with disease 
progression. Changes in the TL were examined across the multiple time points with 
six-month intervals (from the date of the diagnosis through treatment and follow-up care). 
The TL was examined in relationship to the following features – age, sex, tobacco use, site 
of the primary tumor, type 2 diabetes mellitus, TNM stage, microsatellite status, therapy 
response, and neoadjuvant therapy.  
To clarify the influence of using two different RTL measurement methods, 
correlation analysis between the RTL values was performed. The absolute values differed, 
the results cannot be therefore compared directly. The RTL values showed, however, 
the same trend and the results were correlating quite decently (ρ of 0.352–0.929). 
The dissimilar RTL values can be attributed to methodological differences such as using 
a different standard, primers, reference genes, thermal cycling profiles, etc. The effect of 
the pre-analytical conditions was ruled out because for both methods the same samples of 
DNA were used. To improve agreement between laboratories, a potential solution could be 
to develop and use one optimized protocol plus establish a set of pooled TL standards, 
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which allow for race, ethnicity, sex and age comparisons and would be 
uniformly used [193].  
The majority of studies reported an inverse relationship between age and PBL TL 
in healthy individuals [150,199]. This study confirmed that PBL RTL correlates with age 
on the level of statistical significance, but against expectations, the mean TL was mildly 
increased in elderly patients. This effect may be related to the telomere lengthening 
induced by the disease. It has also to be taken into account a selection bias: the study 
comprises of patients with a constrained age range (interquartile range 60–74 years), and 
therefore the representation of younger age patients is almost missing. At present, 
the largest case-control study of PBL TL (including 2,011 CRC patients) reported 
a TL inverse association with age [175], as studies based on healthy individuals. 
Regarding gender, it is assumed that healthy women tend to have on average longer 
telomeres than men [200]. It might by attributed to slower PBL telomere attrition, 
presumably because of the telomerase stimulation mediated by estrogen [201]. 
In this study, the mean TL of men and women did not significantly differ. This finding 
might be influenced by the disease phenotype and also an unequal gender distribution 
(only 70 females vs. 123 males) can lead to misrepresenting results. The study by 
Zöchmeister et al. mentioned in the above paragraph, showed that the longer TL was more 
pronounced in females, but they had at the same time also faster telomere attrition [175]. 
Thus, in older age, the mean TL of both males and females converged. 
Regarding lifestyle habits such as smoking, cigarette smoke exposure was 
confirmed to enhance telomere shortening [202]. Even though the difference of TL 
between smokers and non-smokers was not statistically significant, the effect of smoking 
on TLs was demonstrated in this study, too. Interestingly, tobacco use seems to exert only 
a transient telomere shortening effect. According to Huzen et al., in individuals, who 
quitted smoking, the telomere attrition rate proceeds slowlier and it is comparable to 
the rate of those who never smoked [203]. Besides, Getliffe et al. associated smoking with 
decreased hTERT mRNA expression and thus with lower telomerase activity leading to 
impaired TL maintenance [204].  
CRC comprises tumors with distinct phenotypes and genotypes. The heterogeneity 
of this disease is also mediated by the facts that proximal colon, distal colon, and rectum 
have distinct embryonic origins, functions and show different sensitivity to cancer therapy 
and telomerase profiles [143,205,206]. In this study, the mean PBL TL was in 
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the 1st sampling (i.e. in the moment of CRC diagnosis, before undergoing cancer treatment) 
shortest in proximal colon cases, and almost identical in distal colon cases and rectal cases, 
which might be due to the prevalence of rectosigmoideal cancer in a distal colon 
cancer group. The same trend (the shortest TL in the proximal colon, medium TL in rectal 
and the longest TL in distal colon cases) was showed in the 2nd and 3rd sampling 
(i.e. six months and one year after the diagnosis, during cancer treatment). 
Due to the limited size of the study, the results did not achieve statistical significance. 
However, in our recent study on CRC patients, we observed both in tumor tissue and 
adjacent mucosa pronounced gradient from the shortest telomeres in the proximal colon to 
the longest in the rectum [115]. 
Microsatellite instable colorectal cancers are often characterized by an increased 
lymphocytic infiltrate, which suggests a robust immune response against the tumor [207]. 
While in tumor cells the MSI with a frequency of telomere shortening correlates [208], in 
PBL of patients having MSI tumors, the association was not investigated in detail, yet. 
In this study, patients with MSS tumor had in both the 1st and the 2nd sampling longer 
PBL TL than those with MSI tumors, but the difference between them was not statistically 
significant. The results indicate that possible association of microsatellite status to 
the TL status would be interesting to test again in a larger group of patients (as we did in 
the study published by Kroupa et al. [115]. 
The mean TL differences over time could be an effect of the disease progression or 
reflect cancer treatment. Both radiotherapy and chemotherapy can cause DNA damage, but 
it is unclear yet to what extent is their effect in lymphocytes manifested and persistent 
[209,210]. Transient PBL telomere shortening (around 2 years) driven by chemotherapy 
was described in sporadic breast cancer cases [211]. Telomere shortening in 
T-lymphocytes in vitro as a consequence of radiotherapy was reported by Su et al. [212]. 
Although the study by Maeda et al. did not reveal any change of the mean TL upon 
radiation, radiation therapy was found to have an effect in fraction of PBL with 
short telomeres [213]. Besides that, neoadjuvant therapy was reported to change 
the lymphocyte composition in tumor-draining lymph nodes [214]. In this study, 
no statistically significant association between the neoadjuvant therapy and TL was found. 
However, it is not out of the question that the possible relationship to TL can be found in a 
larger group of patients, after its stratification according to the type of neoadjuvant therapy. 
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Neoadjuvant therapy-derived toxicity and the way how it translates into TL likely varies 
depending on the class of chemotherapeutic agents and radiation doses [19].  
Correlation among the TL in colorectal cancer tumor cells and TNM stage or 
International Union Against Cancer (UICC) stage was reported [114,115], however not for 
TLs in PBL. In this study, the mean PBL TL did not vary between the different TNM 
stages, but it was decreasing in both 0 + I + II and III + IV groups over time. 
The same tendency was also observed when studying the change of TLs in good and poor 
responders, change of TLs in relationship to tumor location and longitudinal changes in TL 
in general. Friedman's test showed that during the 1st year after the diagnosis (the period 
between the 1st and 3rd sampling) the telomere shortening is time-dependent and that this 
association is statistically significant. The TL shortening in PBL can be associated with 
T-lymphocyte hyper-stimulation [215]. On a wider scale, telomere attrition can reflect 
the reduced adaptive immune response of patients, because the proliferative capacity of 
CD8+ T-lymphocytes and antibody production of B-lymphocytes with long telomeres is 
higher than those with short telomeres [216]. 
Diabetes mellitus is linked to telomere shortening for a relatively long time. 
The association of the type 1 diabetes mellitus and shortened PBL TL was for the first time 
reported in the study by Jeanclos et al., but a significant association with type 2 diabetes 
mellitus was not observed back then [217]. A major part of the following studies this 
association between shorter TLs and type 2 diabetes nevertheless confirmed and 
pronounced that telomere shortening in diabetics could be attributed to the oxidative stress 
[218,219]. Further, the type 2 diabetes mellitus seems to predispose patients to have shorter 
monocyte TL [220]. Regarding the own results, the statistically significant difference 
between patients having the type 2 diabetes and non-diabetic patients was not found. 
It can be concluded that the tentative effect needs to be examined in a larger population.  
It was found an inverse relationship between 5-year survival and TL. Patients with 
the shortest TL were associated with the best 5-year survival rate, and then this rate was 
gradually decreasing among the TL quartiles. Conversely, a meta-analysis based on data 
from a total of 956 patients by Jia and Wang associated the short TL in PBL with poorer 
overall survival, and the association was, unlike our results, statistically significant [221]. 
On the other hand, our study was focused on 5-year survival and, additionally, it was 
calculated from RTL measured before the initiation of the treatment, which both can 
explain the difference. On the whole, the TL is suggested to be an indicator of 
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the magnitude of immune response and the shorter TL may point out the degree of 
lymphocytes employment against tumor cells, the reaction to cancer treatment, etc. 
Whether the PBL TL is predictive of CRC survival is still not clear, however. 
In this follow-up study, we will further evaluate the interplay between TL and 
telomerase activity. At the time the diploma thesis was handled in, the assay was only just 
beginning. Because of this fact, here we discuss only the results measured on randomly 
chosen samples. It may be noted that hTERT mRNA expression was detectable in all 
measured samples and healthy control, but it was lower in cases than in control. 
Again, this finding can be explained by the fact that these results originate from the blood 
samples of CRC patients taken by the time the patients were diagnosed (the 1st sampling), 
and therefore the samples are not affected by CRC treatment, which is related to 
up-regulation of hTERT expression (Guo et al., 2009). We can expect the hTERT may 
become temporarily higher during the follow-up. Nevertheless, the number of samples is 
too low. Further evaluation of completed data (e.g. association of hTERT mRNA 
expression with RTL, or clinicopathological data of patients) could produce more 





















The peripheral blood leukocyte telomere length fluctuates during the CRC 
treatment and follow-up care. Those changes are likely, besides other factors, caused by 
the presence of the tumor and therapeutic regimens. None of the investigated 
clinico-pathological features – age, sex, tobacco use, primary tumor location, 
type 2 diabetes mellitus, TNM stage, MSI, therapy response, and neoadjuvant therapy – 
was statistically significant associated to the shorter or longer TL.  
The main contribution of this study lies in the evaluation of the relationship 
between PBL TLs and clinico-pathological informations. The study is unique for 
the availability of repeated samples, which allowed to measure TL changes over time. 
Moreover, this work led to the establishment of the qPCR RTL measurement method and 
the method for analyzing hTERT mRNA expression levels in our laboratory. 
Comparing the two techniques for RTL measurement, qPCR and MMqPCR, showed 
moderate to the high correlation between the data. Quantitative polymerase chain 
reaction-based methods for RTL analysis are not methodologically standardized, which 
results in a lower reproducibility between the laboratories. Steps towards the protocol 
unification, such as using the same set of TL standards, are desirable. 
Despite the relatively low number of patients analyzed, our study suggests that 
the PBL TL is not an independent prognostic marker of CRC. Nevertheless, deeper 
undestanding of telomere biochemistry in CRC patients could lead to more personalized 
care for these patients. Therefore, further large-scale studies are needed to assess 
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Svoluji k zapůjčení této práce pro studijní účely a prosím, aby byla řádně vedena 
evidence vypůjčovatelů.  
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